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Abstract 
 
 

Mental health represents one of the most significant and increasing burdens to 

global public health. Depression and schizophrenia, among other mental 

illnesses, constitute strong risk factors for suicidality which results in over 800,000 

deaths every year. The majority of suicides worldwide are indeed related to 

psychiatric diseases. A growing body of genetic, epigenetic and epidemiological 

evidence suggests that psychiatric disorders are highly complex phenotypes 

originating from the multilevel interplay between the strong genetic component 

and a range of environmental and psychosocial factors. Deeper understanding 

about the biology of the genome has led to increased interest for the role of non-

sequence-based variation in the etiology of neuropsychiatric phenotypes, 

including suicidality. Epigenetic alterations and gene expression dysregulation 

have been repetitively reported in post-mortem brain of individuals who died by 

suicide. To date, however, studies characterizing disease-associated methylomic 

and transcriptomic variation in the brain have been limited by screening 

performed in bulk tissue and by the assessment of a single marker at a time. The 

main aim of this thesis was to investigate DNA methylation and miRNA 

expression differences in post-mortem brain associated with suicidality and 

unravel the complexity of epigenetic signals in a heterogeneous tissue like the 

human brain by developing a method to profile genomic variation at the resolution 

of individual neural cell types. The results here reported, provide further support 

for a suicide-specific epigenetic signature, independent from comorbidity with 

other psychiatric phenotypes, as well as confirming the strong bias perpetrated 

by bulk tissue studies hence the need to examine genomic variations in purified 

cell types. In summary, this thesis has identified a) a suicide-specific signal in two 

different epigenetic markers (DNA methylation and miRNA expression) and b) a 

protocol to simultaneously profile DNA methylation levels across three purified 

cell types in the healthy brain highlighting the utility of cell sorting for identifying 

cell type-driven epigenetic differences associated with etiological variation in 

complex psychiatric phenotypes. 
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Chapter 1 – General Introduction 
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1.1 Introduction to Epigenetics 

The term Epigenetics (“on top of” genetic) refers to those modifications of the 

genome that do not change the DNA sequence, and are potentially heritable and 

reversible. These alterations allow the genome to adapt its transcriptional 

repertoire to the ever changing environmental conditions and/or to create 

different cell/tissue types in multi-cellular organisms (Abdolmaleky et al., 2015, 

Abdolmaleky et al., 2008). In fact, contrary to the genetic code which is fixed (with 

the exception of random mutations) and non-adaptive to the external conditions, 

epigenetic processes are flexible and responsive to environmental cues (Labonte 

and Turecki, 2010) by fine-tuning gene expression levels which remain dynamic 

throughout life (Labonte and Turecki, 2010, Autry and Monteggia, 2009, 

McGowan and Szyf, 2010). As such, they are critical for normal cellular 

development, tissue differentiation and the long-term regulation of gene function. 

For a glossary of key epigenetic terms used in this thesis see Table 1.1. 

The most commonly studied epigenetic mechanisms that can influence gene 

expression are: molecular modifications of the DNA, post-translational histone 

modifications and non-coding RNA gene silencing, which are each described in 

detail in the following sections. 
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Term Key reference Definition 

 
Chromatin  

(Berger, 2007) 

A DNA-protein complex that constitutes the chromosomes. The structure of chromatin 
can be altered through covalent modifications made to the DNA or the proteins 
associated with it (histones).  

This facilitates movement between condensed (heterochromatic) and open 
(euchromatic) states. 

CpG island 
   (Deaton and Bird, 

2011) 

Typically defined as 200 to 500 base pairs (bp) in length with a cytosine (C) and 
guanine (G) content of more than 50% and an observed/expected C-G dinucleotide 
(CpG) ratio of 0.6. 

CpG island shore 
  (Deaton and Bird, 

2011) 

Regions of DNA that lie at the outskirts of CpG islands (~2Kb from islands) rather 
than in the islands itself. > 75% of tissue-specific differentially methylated regions 
found in shores. Methylation in shores shows higher correlation with gene 
expression than CpG islands 

CpG island shelf   (Visone et al., 2019) 
Regions of DNA that lie at the outskirts of CpG islands (~4Kb from islands) rather 
than in the islands itself 

CpG site      (Gerring et al., 2018) 
A location within a DNA sequence in which a cytosine and guanine appear 
consecutively 

DNA hydroxymethylation (Shukla et al., 2015) 
The oxidized product of active DNA demethylation produced by the action of ten-
eleven translocation (TET) proteins. Highly abundant in the brain, suggesting a role in 
epigenetic control of neuronal function. 

 
DNA methylation 

 
(Moore et al., 2013) 

The addition of a methyl group to carbon 5 of the cytosine pyrimidine ring. DNA 
methylation in certain CpG-rich promoter regions acts to repress gene expression by 
disrupting the binding of transcription factors and recruiting proteins associated with 
chromatin compaction. 

Epigenetics 
(Bird, 2007) The study of mitotically heritable but reversible changes in gene expression that 

occur without a change in the genomic DNA sequence. 

Epigenetic epidemiology 

 
(Mill and Heijmans, 2013) 

The integration of epigenetic analyses into population-based epidemiological research 
with the goal of identifying both the causes (that is, environmental, genetic or 
stochastic) and phenotypic consequences (that is, health and disease) of epigenomic 
variation. 
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Epigenetic inheritance 

 
 
 

(Boskovic and Rando, 
2018) 

Epigenetic modifications are mitotically heritable and can therefore be maintained 
across cell division to contribute to cell line establishment. It is less clear (and 
controversial) whether epigenetic marks are inherited transgenerationally through 
meiosis in vertebrates. 

Epigenome 
(Campbell and Wood, 

2019) 

The collective combination of chemical modifications and proteins that interact with 
the human genome. The epigenome is dynamically regulated, serves as a signal-
integration platform and is unique to each individual. 

. 

 

 

Histones 
(Campbell and Wood, 

2019) 

Proteins upon which DNA is tightly wound and whose function is to condense and 
package DNA in the nucleus. 

Histone modifications (Berger, 2007) 
Post-translational, covalent additions made to N-terminal histone tails that modulate 
chromatin structure. Modifications include acetylation, methylation and 
phosphorylation. 

Hypo/Hypermethylation (Edwards et al., 2017) An increase/decrease in normal methylation levels. 

Genomic imprinting (Davies et al., 2005) 

Monoallelic expression of genes in a parent-of-origin specific manner, regulated by 
allele-specific epigenetic marks established in the germline. This process is 
fundamental to normal mammalian development. 

Non-coding RNA  
(ncRNA) 

(Kapranov et al., 2007) RNA molecules that are not translated into protein which can have structural or 
regulatory consequences impacting directly upon gene transcription. 

Long non-coding RNA 
(lncRNA) (Kopp and Mendell, 2018) Non-protein coding RNAs that are 200 base pairs or longer which are highly 

regulated, but many of their functions remain to be characterized 

MicroRNA (miRNA) (Tian et al., 2015) 
Single-stranded, non-protein coding RNAs about 21-24 nucleotides in length 
expressed in plants and animals. They bind to their target gene’s 3’ untranslated 
region and block transcription or promote transcript degradation 

Nucleosome (Zhou et al., 2019b) 
DNA-histone complex consisting of 147 base pairs of DNA wrapped around eight 
histone proteins. 

Promoter (Danino et al., 2015) 

A regulatory DNA sequence, usually close to, and upstream from, the gene or genes it 
regulates. It serves as a binding site for transcription factors and for the protein 
complexes that initiate gene transcription, and it serves to identify the start site for 
transcription. 

 

 

 

 

Table 1.1 Glossary of key epigenetic terms used in this thesis
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1.1.1 DNA modifications 
 
DNA methylation is the covalent modification at the C5 carbon of cytosine 

residues, occurring mainly at CG dinucleotides (CpG) (See Figure 1.1). In 

somatic cells, approximately 80% of CpGs are methylated (Tucker, 2001); the 

remaining unmethylated CpGs tend to be concentrated around gene promoters 

(CpG islands) (Labonte and Turecki, 2010). DNA methylation is one of the best-

characterized epigenetic modifications and has been implicated in numerous 

biological processes, including transposable element silencing (Yoder et al., 

1997), genomic imprinting (Morison et al., 2005) and X chromosome inactivation 

(Avner and Heard, 2001, Wu and Zhang, 2010). 5-methyl cytosine (5mC) is also 

central to the establishment of tissue-specific gene expression and cell 

differentiation (Gross et al., 2016). When found in promoter regions of genes, 

CpG methylation is generally associated with transcriptional repression or 

downregulation of RNA transcription (Siegmund et al., 2007). However, DNA 

methylation has also been described in other regions of the genome and the 

transcriptional effect in those areas is not consistent (Burns et al., 2018). 

 

 

Figure 1.1 Schematic representation of DNA methylation.  
The process starts with the covalent addition of a methyl group to form 5-methylcytosine 
(5mC). This process is catalysed by a family of DNA methyltransferases (DNMTs)—
DNMT1, DNMT3A and DNMT3B. The majority of DNA methylation usually occurs at CpG 
sites and CpG islands nearby a gene to regulate related gene expression. DNA 
methylation is an epigenetic mechanism and required fine tuning for proper regulation. 
Figure taken from (Mandal et al., 2017). 
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Although DNA methylation used to be considered as a stable epigenetic mark, 

studies in the past decades have revealed that this modification is not as static as 

once thought. It is now widely accepted that DNA methylation can be both actively 

and passively removed from methylated cytosines (Tahiliani et al., 2009, Chen et 

al., 2003) and the specific mechanisms driving active DNA demethylation have 

now been characterized in detail. It has been shown that methyl groups can be 

removed by sequential oxidation of DNA methylation mediated by the ten-eleven 

translocation (TET) family of enzymes (Yong et al., 2016) via three intermediate 

modifications; 5-hydroxymethlcytosine (5hmC), 5-formylcytosine (5fC) and finally 

5-carboxylcytosine (5caC) (He et al., 2011, Ito et al., 2011) which can then be 

removed by thymine DNA glycosylase (Zhang et al., 2012, Yu et al., 2012).  

Figure 1.2 shows the proposed mechanisms of cytosine demethylation in the 

literature. Further research has now demonstrated that these other cytosine 

modifications, previously considered to only be transient intermediates, may also 

have functional roles in gene regulation (Inoue et al., 2011, Ito et al., 2011, Koh 

and Rao, 2013). Recent studies have also suggested that they may be epigenetic 

marks on their own (Kumar et al., 2018, Breiling and Lyko, 2015, Szulwach et al., 

2011). Although considerably less abundant in the genome (Breiling and Lyko, 

2015), these modifications have recently been shown to be more stable than 

previously thought (Bachman et al., 2015, Bachman et al., 2014). Furthermore, 

TET proteins have been implicated in meiosis, development, imprinting 

maintenance and stem-cell reprogramming (Yamaguchi et al., 2012, Gu et al., 

2011b, Ficz et al., 2011, Dawlaty et al., 2013), suggesting wide-ranging functional 

roles for other products of active DNA demethylation. Hydroxymethylation in 

particular is a temporarily stable epigenetic modification of DNA (Globisch et al., 

2010) highly dynamic during neurodevelopment (Wang et al., 2012, Spiers et al., 

2017, Wang et al., 2017). Hydroxymethylated cytosines are enriched at the 

promoters and enhancers of developmental genes, and they correlate positively 

with gene expression during cell lineage commitment in early development. In 

addition, hydroxymethylation is present in gene bodies of actively transcribed 

genes (Colquitt et al., 2013, Tsagaratou et al., 2014, Nestor et al., 2016).The 

abundance of hydroxymethylation seems to be inversely correlated with the 

proliferation rate of a cell (Kriaucionis and Heintz, 2009, Bachman et al., 2014). 

Recent research has found that 5hmC in particular has a significantly higher 

abundance in the brain compared to other tissues (Lister et al., 2013, 
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Szwagierczak et al., 2010) and has been implicated in neurological disorders 

(Wang et al., 2017, Rustad et al., 2019, Condliffe et al., 2014, Lunnon et al., 2016, 

Cheng et al., 2018). The dynamic interplay between DNA methylation and 

hydroxymethylation is presumably important for maintaining normal gene 

expression patterns in a cell with recent studies demonstrating that 5hmC and 

5mC have opposing effects on gene expression (Sherwani and Khan, 2015). 

However, the causes and consequences of the imbalance between these two 

DNA modifications are still to be understood.  

 

 

Figure 1.2 Pathways of active and passive DNA demethylation.  

DNA methyltransferases (DNMTs) catalyze the methylation of cytosine by transferring a 

methyl group to the position C5. Ten-eleven translocation (TET) enzymes can catalyze 

the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5 hmC). Further 

TET-dependent oxidative reactions lead to the successive conversion of 5 hmC into 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5fC and 5caC are recognized and 

removed by thymine-DNA glycosylase (TDG), and the created abasic site is repaired by 

the base excision repair (BER) pathway, generating an unmodified cytosine. Dilution of 

modified cytosines, 5mC or 5 hmC, during DNA replication can also yield unmodified 

cytosine, through a mechanism termed passive DNA demethylation, which is either TET-

independent or TET-assisted, respectively. Replication-coupled dilution of 5fC and 5caC 

by passive DNA demethylation are not depicted. Figure taken from (Meier and Recillas-

Targa, 2017). 
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1.1.2 Histone modifications 

In contrast to DNA methylation and hydroxymethylation, which are set de novo at 

early embryogenesis and maintained during DNA replication, histone 

modifications are post-translational changes. They act to remodel the chromatin 

structure and regulate gene expression through chromatin accessibility 

(Consortium, 2012, Cazaly et al., 2019). Chromatin indeed exists as two 

functional structures within the cell nucleus: euchromatin which is the ‘‘opened’’ 

state associated with gene transcription and heterochromatin which is the 

‘‘closed’’ state associated with gene silencing. The nucleosome is the building 

unit of chromatin and is comprised of DNA wrapped around an octamer of 

globular proteins forming a ‘spool’-like structure. The proteins packing the 

eukaryotic DNA into these structural units are called histones (H1, H2A, H2B, H3, 

and H4) (Elmallah and Micheau, 2019). These globular proteins, with a tail of 

amino-acids, can be covalently modified by the addition or the removal of 

chemical groups at specific residues on their N-terminus tails (See Figure 1.3) 

(Policicchio et al., 2018, Labonte and Turecki, 2010). Histone modifications are 

the largest category of chromatin modifications identified so far, with 15 known 

chemical modifications at more than 130 sites on five canonical histones and on 

around 30 histone variants (Cazaly et al., 2019). Although a number of post-

translational covalent histone modifications have been described, the knowledge 

on their functional roles remain extremely limited. Histone 

acetylation/deacetylation and methylation are the two most widely studied 

(Labonte and Turecki, 2010). Specific histone modification patterns often 

correlate with known functional genomic elements. For example, H3K9me3 and 

H3K27me3 are associated with inactive promoters; while H3K4me3 and 

H3K27ac are shown to be enriched in active enhancers and promoters (Karlic et 

al., 2010, Zhou et al., 2011). 
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Figure 1.3  Illustration of histone core composition and simplified overview of two common histone modifications.  
(A) Chromosomal DNA is packaged around histone proteins (H2, H4, H2A, H2B) to form nucleosomes. B) Nucleosome opening and accessibility to 
nuclear factors is regulated, in part, by post-translational modifications of histone tails that include among othes acetylation and methylation. Acetylation 
reactions on lysine (K) residues by histone acetyl-transferase (HAT) mask the positive charges of the aminoacidic side chains and thus allow chromatin 
to assume a less condensed conformation permissive for transcription. In contrast, deacetylation reactions by histone deacetylase (HDAC), increasing 
the chromatin packaging, prevent DNA transcription.C) Histone methyltransferases (HMT) add methyl groups to histones, generally associated with 
tightening wound DNA while histone demethylases (HDM) remove those methyl groups allowing the chromatin to assume a more open configuration 
which is associated to gene transcription activation. Ac, Acetyl group; Me, methyl group. Figure adapted from (Maddox et al., 2013).
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1.1.3 Non-coding RNA 

Another mechanism of epigenetic regulation of gene expression is mediated by 

non-coding RNAs (ncRNAs), functional RNA molecules that are transcribed from 

DNA but not translated into proteins (Policicchio S et al., 2018). These regulatory 

RNAs function to regulate gene expression at the transcriptional and post-

transcriptional level. Several classes of ncRNAs have been identified and they 

are commonly distinguished in two major categories: small ncRNAs (<30 nts) and 

long non-coding RNAs (lncRNAs) (>200 nts) Figure 1.4 schematically illustrates 

the identified mechanisms of action for both classes of molecules. Small ncRNAs 

can take several forms, namely small interfering RNAs (siRNA), small temporal 

RNAs (stRNA), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), 

piwi-interacting RNAs (piRNA) and microRNAs (miRNAs) (Barry, 2014, Mattick 

and Makunin, 2006). Small ncRNAs are present in all life kingdoms and play 

diverse roles in regulating gene expression, epigenetic processes (Smalheiser et 

al., 2014) and defence against viruses (Finnegan and Matzke, 2003). To date, 

miRNAs are the best characterised ncRNA group. They act as regulators of gene 

expression and protein translation in many tissues, including the brain, by binding 

to the target mRNA and contributing to its degradation through the RNA-induced 

silencing complex (RISC) or by directly inhibiting translation (Serafini et al., 2014). 

miRNAs are known to play a critical role in developmental processes, including 

neurodevelopment and synaptic plasticity and they have been implicated in the 

pathogenesis of various neuropsychiatric disorders like schizophrenia (SCZ), 

major depression (MDD) and bipolar disorder (BPD) (Smalheiser et al., 2014, 

Serafini et al., 2014, Xu et al., 2010, Miller and Wahlestedt, 2010). LncRNAs 

appeared later in evolution and are present in invertebrates, vertebrates and 

plants and are particularly enriched in the cell nucleus (Kung et al., 2013). 

LncRNA forms are highly specific to each cell type and maintain certain features 

seen in coding RNAs, like promoter regions and intron-exon boundaries (Barry, 

2014). Enriched for expression in the brain (Derrien et al., 2012) and 

developmentally regulated (Aprea et al., 2013), the function of these long RNAs 

is still an area of intensive ongoing investigation, but they appear to play a role in 

chromatin regulation and shaping nuclear organization (Quinodoz et al., 2014) 

and they have been implicated in neuronal differentiation and brain development 

and evolution (Lv et al., 2015, Ng and Stanton, 2013, Qureshi and Mehler, 2012).
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Figure 1.4 MicroRNA biogenesis pathway.  
1) Primary miRNA (pri-miRNA) transcripts are transcribed by RNA polymerase II. Pri-miRNAs are processed by the microprocessor complex into 
precursor miRNA (pre-miRNA) hairpins. These are transported into the cytoplasm, where they are further processed by Dicer into miRNA duplexes. 
Following strand separation, the mature miRNAs are loaded into RNA-induced silencing complexes (RISCs) to guide the repression of protein synthesis 
or mRNA degradation. 2) LncRNA interactions and actions. (a) LncRNAs can target genomic DNA loci, and can modulate gene transcription by 
associating with RNA pol II or pre-initiation complexes, or through epigenetic modulation by guiding chromatin-modifying complexes to target genomic 
DNA loci. (b) LncRNA can contribute to RNA inhibition or degradation, by association with mRNAs and miRNAs to regulate splicing, or by  binding with 
miRNAs as “endogenous sponges” to regulate gene expression (Lopez-Urrutia et al., 2019).(c) LncRNAs can modulate protein activity and localization 
by acting as molecular guides and scaffolds or as decoys for proteins such as transcription factors Figure adapted from (Goodall et al., 2013) and (Gori 
et al., 2015). 
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1.1.4 Epigenetic mechanisms of gene expression regulation 

The epigenetic landscape of a given cell and the associated gene expression 

profile are established during development and maintained down the cell lineage 

through complex interactions that involve transcription factors, histone 

modifications, DNA modifications and ncRNA. Chromatin accessibility and 

nucleosome positioning have also been determined to serve as epigenetic 

mechanisms (Klemm et al., 2019). It is not uncommon to find elements that 

regulate gene expression (e.g. promoters, enhancers, insulators) in regions of 

the genome that are maintained as ‘open’ or accessible. These accessible 

regions can serve as binding sites for chromatin-modifying enzymes and other 

binding factors (Fingerman et al., 2013). These epigenetic mechanisms often act 

in concert for more complex levels of regulation. Examples of interaction between 

DNA methylation and histone modifications include recruitment of HDACs by 

DMNTs and methyl-CpG binding protein 2 (MECP2) (Saha and Pahan, 2006, 

Fuks et al., 2001, Bachman et al., 2001). Non-coding RNAs have also been found 

to interact with specific histone modifications (Ferreira and Esteller, 2018, Dinger 

et al., 2008, Yuan et al., 2011, Denis et al., 2011) and to serve as modular 

scaffolds for histone modifying enzymes (Tsai et al., 2010). It has been observed 

that enhancer elements, often found in regions where chromatin is maintained as 

accessible, can encode for small non-coding RNA molecules themselves 

(Ghildiyal and Zamore, 2009, Mattick et al., 2009, Zaratiegui et al., 2007, Kim et 

al., 2010). In addition, a role has emerged for ncRNAs in targeting mammalian 

DNMTs and controlling DNA methylation via regulation of DNA 

methyltransferases (Denis et al., 2011, Benetti et al., 2008). The discovery of 

more than 100 post-transcriptional modifications to ncRNA, such as methylated 

adenines and cytosines, is providing further insight into the interaction between 

these different epigenetic layers (Romano et al., 2018). Despite the increased 

understanding, the full extent of interactions between different epigenetic 

mechanisms to regulate gene expression in mammals remain widely unexplored 

(Bernstein et al., 2010). One of the reasons is because the different epigenetic 

modifications have been for long studied in isolation. However, recent 

international efforts have started to address this. The National Institutes of Health 

(NIH) launched the Roadmap Epigenomics Project in 2007 (Bernstein et al., 

2010). One of the goals of this project was to combine whole genome epigenetic 

analysis with high throughput sequencing to create a series of publically available 
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reference epigenome maps. These maps encompass a wide array of cell lines, 

cell and human tissue types (over 100) from individuals at various developmental 

stages and health states. However, other large scale efforts to map epigenetic 

features and gene regulatory elements are currently ongoing. In 2011, the 

Epigenomics database at the National Center for Biotechnology Information 

(NCBI) was established to serve as a public resource for epigenomic data sets. 

Data were collected from both large scale studies such as the NIH Roadmap 

Epigenomics project, ENCODE and modENCODE as well as from smaller 

independent laboratory studies not involved in these project initiatives 

(Fingerman et al., 2011). 

 

1.1.5 Profiling the methylome 

Standard molecular biology approaches, including polymerase chain reaction 

(PCR), erase DNA modifications requiring therefore the exposure of the DNA to 

a methylation sensitive pre-treatment prior to DNA sequence analysis. Whole 

genome bisulfite sequencing (WGBS) is considered the gold standard technique 

to profile DNA methylation, allowing the coverage of ~28 million CpG sites across 

the human genome. However the high read depth required to quantify the small 

DNA methylation differences usually associated with complex disorders, make 

this method economically unfeasible for studies with large sample sizes (Ziller et 

al., 2015). Over the years, many proven high resolution methods of DNA 

methylation analysis platforms have been made available such as the Agilent 

Human CpG Island Microarray (27,800 CpG islands covering 21 MB) or the 

Agilent Human DNA Methylation Microarrays (27,627 expanded CpG islands and 

5081 UMR regions) (Agilent Technologies, Santa Clara, CA, USA). The Illumina 

Infinium® Methylation arrays (Illumina, San Diego, CA, USA) have become the 

most popular tool for high-resolution screening compatible with large sample size. 

Illumina microarray technology (also known as BeadArray technology) uses silica 

microbeads housed in microwells and coated with multiple copies of two site-

specific probes targeting chemically differentiated loci in the genome. The 

Infinium Methylation Assay detects cytosine methylation at CpG islands based 

on highly multiplexed genotyping of bisulfite-converted genomic DNA offering 

quantitative measurement of methylation at individual CpG sites (more details are 

provided in Chapter 2). The latest platform, the Infinium MethylationEPIC array 
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(EPIC array) interrogates over 850,000 CpG sites across the human genome 

(Dedeurwaerder et al., 2011, Needhamsen et al., 2017, Pidsley et al., 2016). Best 

compromise to date between coverage and cost, this approach enables DNA 

methylation quantification across the genome in a large number of samples. 

Although relatively simple and inexpensive, data have limited coverage and 

requires extensive within and between array normalization, pre-processing and 

integration across different microarray platforms (Fortin et al., 2017). However, 

many bioinformatics methods and pipelines specific for Illumina platforms and 

their integration have been developed (Fortin et al., 2017, Wilhelm-Benartzi et al., 

2013), which has fostered their popularity and facilitated cross-study comparison 

of findings and meta-analyses. One limitation of standard bisulfite conversion-

based approaches is the inability to distinguish between DNA methylation and 

other DNA modifications (Booth et al., 2012). More recently, new methods of 

quantifying 5mC, 5fC and 5hmC in one same sample have been described (Booth 

et al., 2012, Booth et al., 2013, Booth et al., 2014); however, for the chemical 

based method, the screening in parallel requires three times the amount of input 

DNA. Single, non-modified and non-amplified molecule sequencing methods 

proved to overcome some of the problems faced by bisulfite conversion and 

amplification-based methods of epigenetic marks profiling. Among the newer 

technologies, single molecule real-time (SMRT) sequencing by Pacific 

Biosciences (PacBio) (Eid et al., 2009) and Oxford Nanopore Technologies (ONT) 

(Clarke et al., 2009), offer the advantages of single molecule sequencing, 

including exceptionally long read lengths (>20 kb). These platforms permit deep 

sequencing/assembly through repetitive elements, direct variant phasing and 

direct RNA sequencing (no need for cDNA conversion) (Midha et al., 2019, Ardui 

et al., 2018, Jain et al., 2016). SMRT sequencing even allows the detection of 

different DNA modifications although these applications are still in development 

and further validation is required (Flusberg et al., 2010, Nakano et al., 2017). The 

PacBio sequencing-by-synthesis method distinguishes between the several 

modified nucleotides by reading the different duration of fluorescently labelled 

nucleotides incorporation. Nanopore sequencing, on the other hand, uses a 

voltage-based nanoscale pore in a membrane to measure the translocation of a 

linear, single-stranded (ss) DNA or RNA molecule through that pore. Nucleobase-

by-nucleobase, measurements of changes in the current through the pore can 

then be decoded into a DNA sequence using an algorithm (Clarke et al., 2009, 
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Laszlo et al., 2013, Li et al., 2013). Sequencing also only lasts several hours, 

which is very appealing in a diagnostic setting. Although simple and low-cost 

nanopore based technologies (reviewed in (Jain et al., 2016, Deamer et al., 2016)) 

are catching on and likely represent future platforms, SMRT sequencing remains 

a more mature technology and therefore diagnostically applicable at this time 

(Ardui et al., 2018).  

 

1.1.5.1 Limitations in methylomic profiling 

DNA methylation studies require careful considerations for design as well as 

analysis: population and tissue selection, population stratification, cell 

heterogeneity, confounders, temporality, sample size, appropriate statistical 

analysis and validation of results are all factors impacting the robustness and 

trustworthiness of findings (Michels and Binder, 2018). 

The recent technical advances such as WGBS, reduced-representation bisulfite 

sequencing (RRBS) and affordable epigenomic array-based technologies (e.g. 

Illumina EPIC array) have allowed researchers to measure epigenetic profiles of 

large cohorts at a genome-wide level, generating comprehensive high-

dimensional datasets that may contain important information for disease 

development and treatment opportunities. However, partly due to the lack of 

appropriate and efficient computational methods, the majority of existing studies 

focus on a single epigenetic mark in isolation, although evidence of interactions 

of multiple markers have been described (see section 1.1.2 for more details). To 

facilitate the sharing of epigenomic data between different studies, the 

standardization of sample preparation and assay protocols becomes essential. 

While there are existing recommendations for reporting the minimal information 

to annotate omics studies (e.g. MIAME for gene expression data, MIAPE for 

proteomics data), the consensus for the annotation protocol for epigenetics data 

has yet to be achieved. This is partly due to the versatile techniques for various 

epigenetic features that require distinct experimental protocols for achieving 

optimal results. In order to address this issue, comparisons of the profiling 

techniques have been initiated by international consortia (e.g. the BLUEPRINT 

consortium (Blueprint consortium, 2016)). 

Moreover, the epigenomic profile for a certain trait is the result of the complex 

interplay between multiple genetic and environmental factors, which poses an 

additional challenge to visualize and interpret these data. Besides that, due to 
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the dynamic nature of the epigenome, it is critical to determine causal 

relationships for the many associations reported (Relton and Davey Smith, 2012, 

Jhun et al., 2017). The focus, in more recent years, has become developing data 

analysis approaches for the identification of coordinated epigenetic changes and 

interpretation of their functional consequences in normal development and 

disease (Cazaly et al., 2019). An interdisciplinary research community is 

therefore needed to foster effective and robust data integration strategies for 

combining epigenetics data with other omics data. 

Another major challenge that distinguishes epigenetic studies is the choice of 

tissue type. In contrast to genetic studies, epigenetic marks are by definition 

tissue- and cell-type specific, thus tissue choice for epigenetic studies of complex 

traits requires careful consideration (Mill and Heijmans, 2013). As almost all 

tissues consist of multiple epigenetically distinct cell types, a major concern in 

epigenetic epidemiology studies is that any apparent disease-associated 

epigenetic change may simply reflect differences in cellular composition 

(Policicchio S et al., 2018, Mendizabal et al., 2019). Furthermore, failure to 

account for this cellular heterogeneity could limit the power of epigenetic studies 

in complex phenotypes. A more comprehensive discussion about cellular 

heterogeneity, its implications in epigenome profiling and current approaches to 

address it are provided in Chapter 4 and 5 of this thesis. A further aspect to 

consider is the sample selection. Common epigenetic study designs include 

case-control studies, cross-sectional or longitudinal cohort studies, and family or 

twin study designs. Without a careful selection of tissues and population 

samples, many EWAS associations may partly stem from the dynamic and 

complex nature of the interactions between the different epigenetic layers, or 

arise from the fact that epigenetic states differ spatially across tissues and cell 

types as well as during aging. A variety of data integration approaches, such as 

co-mapping and network analysis are currently employed to unravel the 

complexity of these various epigenetic layers and their interaction with other 

omics datasets (Hasin et al., 2017). 
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1.1.6 Epigenetic alterations and mental diseases 
 

Major mental diseases such as BPD, SCZ, and MDD are brain disorders with 

complex aetiologies but all with a notable genetic contribution. Recurrent findings 

showed that the onset and development of these disorders cannot be well 

described by the “one-gene one-disease” approach. Instead, their clinical 

presentation is thought to result from the regulative interplay of a large number 

of genes (Alam et al., 2017). Up-regulation (or activation) or down-regulation (or 

silencing) of these genes by environmental factors plays a crucial role in 

contributing to the pathogenesis. Much of this interplay may be moderated by 

epigenetic changes. Similar to genetic mutations, epigenetic modifications such 

as DNA methylation, histone modifications, and RNA interference can influence 

gene expression and therefore may cause the behavioural and neural changes 

observed in mental disorders (Alam et al., 2017). 

In the last decade, studies have shown hundreds of epigenetic alterations in 

blood and brain of psychiatric subjects as compared to corresponding tissues of 

normal controls (reviewed in (Abdolmaleky et al., 2015). For example, samples 

from individuals with autism have showed increased DNMT1, 3A, and 3B 

expression in their cerebellum, which supports the findings of global increase in 

DNA methylation and hydroxymethylation in these individuals (Keil and Lein, 

2016). Another study using human fetal cortex samples reported altered DNA 

methylation in key neurodevelopmental genes suggesting that epigenetic 

mechanisms mediate some of the effects observed in SCZ (Pidsley et al., 2014). 

Similar findings with respect to other mental disorders such as psychotic 

diseases have been also reported ad are reviewed elsewhere (Abdolmaleky et 

al., 2015). 

The following sections provide a concise overview of the psychiatric phenotype 

which is the focus of this thesis: suicide. 
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1.2 Suicidal Behaviour 

Suicide is a serious public health problem that can have lasting harmful effects 

on individuals, families, and communities (CDC Health Report, 2017). Globally, 

suicide is the second leading cause of death among 15–29 year olds and ranks 

amongst the top 20 leading causes of death across all ages (World Health 

Organization, 2017). Approximately 800,000 people die by suicide every year 

(World Health Organization, 2017) representing a significant global health burden 

and a major societal problem. Suicidal behaviour (SB) spans a spectrum ranging 

from suicide ideation (SI) to suicide attempt (SA) and completed suicide (Tsai et 

al., 2011, Preti, 2011). Up to one-third of individuals with SI have a SA within one 

year; individuals who have had a SA have 1.6% risk of suicide completion within 

the year (Nock et al., 2013). SAs are up to 30 times more common compared to 

completed suicides; they are however important predictors of repeated attempts 

as well as completed suicides (Bertolote et al., 2005, Bertolote et al., 2010). 

Differences arise between regions and countries with respect to the age, gender, 

and socioeconomic status of the individual as well as method of suicide, and 

access to health care (Bernal et al., 2007). Completed suicides are three times 

more common in males than females; for SAs, an inverse ratio can be found 

(Bachmann, 2018, Yildiz et al., 2019, Canetto, 2008). The most commonly used 

methods are hanging, self-poisoning with pesticides, and use of firearms 

(Ajdacic-Gross et al., 2008). The majority of suicides worldwide are related to 

psychiatric diseases (Bradvik, 2018); the number of suicides in individuals with 

mental illness are at least 10 times higher than in the general population. The 

reported percentage of completed suicides in this context ranges between 60% 

and 98% (Bertolote et al., 2004, Ferrari et al., 2014). Among those, depression, 

substance use, and psychosis constitute the most relevant risk factors, but also 

anxiety, personality-, eating- and trauma-related disorders significantly add to 

unnatural causes of death compared to the general population (Bertolote et al., 

2004, Bertolote et al., 2003). A significant amount of underreporting is likely to be 

present too (Tollefsen et al., 2012). Overall, SB is proven to be a complex and 

multifactorial phenotype and despite the advancement of the field in unravelling 

the epidemiology of suicidal thoughts and behaviors, as well as in identifying 

environmental and psychological risk factors and novel biological correlates, 

crucial gaps in knowledge still remain to be uncovered. Acknowledging these 

gaps represents a critical first step to prompt innovative and promising directions 
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for future work. Suicides can indeed, at least partially, be prevented through early 

risk assessment and screening for molecular biomarkers as well as by restricting 

access to means of suicide, while training primary care physicians and health 

workers to identify people at risk (Bachmann, 2018). 

 

 

1.2.1 The role of glia in Suicidal Behaviour 
 

Glial cells account for at least 75% of brain cells, and are implicated in a range of 

psychiatric disorders, including suicide (Nagy et al., 2015b). In particular 

astrocytes, the most abundant type of glial cells in the CNS (Zhou et al., 2019a), 

is thought to play a crucial role as evidence of astrocytic dysfunction have been 

reported in depressive psychopathologies, including suicide (Rajkowska and 

Stockmeier, 2013). Astrocytes are multifaceted cells with numerous functions, 

including regulation of blood flow, synaptic communication and plasticity, immune 

regulation (Oberheim et al., 2012) and maintenance of neuronal functioning 

(Sidoryk-Wegrzynowicz et al., 2011). These - and other - physiological roles are 

likely impacted in depression and suicide given the evidence from post-mortem 

and animal studies showing altered astrocytic morphologies (Torres-Platas et al., 

2011) and persistently decreased expression of astrocyte-specific genes (Ernst 

et al., 2011, Choudary et al., 2005, Bernard et al., 2011). Despite consistent 

reports, little is known about the underlying etiological mechanisms linking 

astrocytic dysfunction to depression and suicide. To this end, a recent study 

(Nagy et al., 2015b) characterized expression of astrocytic markers Glial Fibrillary 

Acidic Protein (GFAP), Aldehyde Dehydrogenase 1 Family Member L1 

(ALDH1L1), Solute Carrier Family 1 Member 3 (SLC1A3), Gap Junction Protein 

Alpha 1 (GJA1), Gap Junction Protein Beta 6 (GJB6), Glutamate-Ammonia 

Ligase (GLUL) and SRY-Box Transcription Factor 9 (SOX9) in the dorsolateral 

prefrontal cortex (PFC) of 121 individuals who died by suicide (N=76) and 

sudden-death controls (N=45). All seven genes showed significantly decreased 

expression in suicide cases compared to controls (Nagy et al., 2015b). The same 

group also investigated genomic DNA methylation patterns that may contribute 

to astrocyte dysfunction in depression and suicide and found that the methylation 

differences correlated with the detected gene expression changes (Nagy et al., 

2015b). 
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Recent findings regarding the correlation between suicide outcome and microglia 

based on post-mortem studies, positron Emission Tomography (PET), 

Cerebrospinal fluid (CSF), and serum/plasma analysis of human subjects, 

indicate microglial pathophysiology as a possible contributing factor in suicide 

and suicide-related behaviours. Neuroinflammation has been linked to suicide 

(Pandey et al., 2012, Pandey et al., 2018) and activated microglia have been 

suggested as one of the possible contributing factors to suicide and SBs via 

various mechanisms especially including the tryptophan-kynurenine pathway 

(Suzuki et al., 2019). Steiner et al. first suggested the possible link between 

suicide and microglial activation, analysing the morphological characteristics of 

microglia by immunohistochemistry in some regions of the brain of psychiatric 

patients including suicide victims (Steiner et al., 2006). Significant microgliosis 

(e.g. increased microglial density) was observed in the dorsolateral PFC, anterior 

cingulate cortex (ACC) and mediodorsal thalamus (MD) of suicide victims 

(Steiner et al., 2006, Steiner et al., 2008). Additionally, a case-control study with 

immunohistochemistry and gene expression analysis was conducted using post-

mortem brains comparing suicide victims with MDD and control subjects without 

psychiatric disease who died of physical illnesses. Microglia were significantly 

increased in the brain of suicide victims with MDD and the proportion of blood 

vessels surrounded by a high density of macrophages was more than twice 

higher in suicide victims with MDD (Torres-Platas et al., 2014). In a more recent 

post-mortem study of psychiatric disorders, significant effects of suicide on 

activated microglia was reported in ventral prefrontal white matter in the suicide 

group but not in the control one (Schnieder et al., 2014). Finally, Brisch et al. 

showed that only the subgroup of patients with depression who were not suicide 

victims (i.e. sudden death by natural causes) were characterized by significantly 

decreased density of activated microglia  suggesting reduced abnormal microglial 

activity (Brisch et al., 2017). One of the important biological impacts related to 

microglial activation is the altered regulation of the tryptophan-kynurenine 

pathway (Dantzer et al., 2011, Myint, 2012). An imbalance of neuroactive 

metabolites in this pathway mediated by microglia has been suggested as 

involved in the biological process of suicide by independent studies (Steiner et 

al., 2011, Busse et al., 2015, Clark et al., 2016, Bradley et al., 2015, Suzuki et al., 

2019).  
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In a recent work, whole-exome sequencing (RNA-seq) of dorsolateral prefrontal 

cortex (BA9) was used to examine group differences in brain gene and miRNA 

expression between individuals with history of depression and suicide, individuals 

with history of depression but not suicide (cause of death was natural or 

unintentional), and sudden death non-psychiatric individuals (Pantazatos et al., 

2017). Exploratory and hypothesis-driven GO functional pathway analyses 

revealed lower expression of genes involved in immune response, microglial and 

glial cell functions, regulation of glutamatergic neurotransmission, anti-apoptosis 

and neuroprotection in suicide cases with or without depression. These effects 

appeared to be driven primarily by depression, with the exception of DNA-

dependent ATPase expression observed in suicide only (Pantazatos et al., 2017). 

Also worthy of mention, in a recent PET imaging study, which at present is 

regarded to be the only valid method to evaluate microglial activation in the brain 

of living human subjects (Suzuki et al., 2019), authors reported microglial 

activation during the presence of suicidal ideation in depression (Holmes et al., 

2018). On the other hand, impaired gene expression of oligodendrocyte-specific 

connexins and key gap junction-related genes was observed in the ACC of 

depressed suicidal individuals, altogether suggesting impaired astrocyte-

oligodendrocyte communication in the brain of depressed suicidal individuals 

(Tanti et al., 2019) which is in line with several post-mortem studies consistently 

reporting decreased expression of astrocytic connexins in frontal regions of 

suicidal individuals (Ernst et al., 2011, Nagy et al., 2017, Miguel-Hidalgo et al., 

2014). These outcomes altogether have suggested a relationship between 

alteration of glia cells and suicide beyond the diagnostic classification of 

psychiatric disorders. Therefore, further larger studies including various 

psychiatric phenotypes are now needed in order to elucidate the relationship 

between glial cells, in particular microglia, and suicide beyond psychiatric 

comorbidities. 

 

 

1.2.2 Genetics of Suicidal Behaviour 
 

Genetic epidemiological studies have found evidence of family clustering of SB 

and have highlighted a clear genetic susceptibility to SB (Roy and Segal, 2001, 

Mullins et al., 2014) with heritability estimated to be about 43% (McGuffin et al., 
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2010). A significant proportion of the heritability for SB and SA appears to be 

independent of diagnosed psychiatric diseases as when the heritability of SA is 

corrected for transmission of psychiatric disorders, specific heritability is between 

17% and 36% (Fu et al., 2002, Brent et al., 1996, Brent et al., 2004, Kim et al., 

2005, Anguelova et al., 2003, Brezo et al., 2008).  

Pre-existing knowledge of biological systems likely to be associated with SB, 

such as serotonergic neurotransmission and neurotrophic factors, resulted in 

several candidate-gene association studies (Mullins et al., 2014, Anguelova et 

al., 2003, Brezo et al., 2008, Mann, 2013, Dwivedi, 2010) which have largely 

yielded inconsistent results. Most genome-wide association studies (GWASs) on 

this topic have provided evidence of association between SNPs and suicide 

(Coon et al., 2020, Erlangsen et al., 2020, Kimbrel et al., 2018, Levey et al., 2019). 

Candidate genes and GWAS designs have identified numerous loci associated 

with suicide attempts, including the serotonin receptor 5HTR2A (rs1885884) 

(Brezo et al., 2010), a locus on 2p25 (rs300774) (Sokolowski et al., 2014, Willour 

et al., 2012); and the binding protein ABI3BP (rs2576377) (Perlis et al., 2010) 

among others (Sokolowski et al., 2015). However, most previous genome-wide 

significant findings have yet to be replicated sufficiently to confirm these 

associations (Li et al., 2017, Mirkovic et al., 2016) or have failed to identify robust 

associations (Schosser et al., 2011, Willour et al., 2012, Galfalvy et al., 2013) 

suggesting that the risk of SB is highly polygenic in nature and that individual 

gene variants are likely to account only for a very small proportion of the total 

phenotypic variability. Other factors, such as the environment, behavioural traits, 

lifestyle and coping mechanisms, are essential regulators of suicide risk and likely 

to account for more sizeable effects (Turecki and Brent, 2016). Furthermore, 

many molecular genetic studies, even combined ones, have been conducted on 

small sample sizes (sample < 8900; cases < 2810) (Sokolowski et al., 2014, 

Baldessarini and Hennen, 2004), implying that they potentially were 

underpowered and subject to false positives as well as false negatives. 

Additionally, studies have rarely adjusted for mental disorders or included a non-

psychiatric, population-representative sample.  

 

Mental disorders are strongly linked to suicidal behavior (Qin, 2011, Hawton and 

van Heeringen, 2009, Nordentoft et al., 2011). Indeed, often mental disorders and 

suicidality are seen as clinically related, e.g., suicidal ideation is considered as a 
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qualifying symptom for the diagnosis of depression. Given that liability for a wide 

range of mental disorders is associated with a set of genetic factors (Sullivan et 

al., 2000, Cross-Disorder Group of the Psychiatric Genomics, 2013), it is 

plausible that the effect of genes on suicidal behavior could be mediated through 

their impact on mental disorders (Sokolowski et al., 2014, McGirr et al., 2009). 

Although family studies have indicated support for a generic transmission of 

suicidal behavior independent of mental disorders (Agerbo et al., 2002, Runeson 

and Asberg, 2003, McGirr et al., 2009, Brent et al., 1996), this remains to be 

confirmed using molecular genetic data. This year a large population-based 

GWAS of young adults was undertaken to examine SA while accounting for the 

presence of mental disorders hereby, addressing the possible mediating role of 

mental disorders (Erlangsen et al., 2020). The authors conducting the GWAS, 

estimated SNP heritability for SA in a large sample of 6024 cases with history of 

suicide attempt and 44,240 controls with no record of a suicide attempt 

(Erlangsen et al., 2020). One of the lead SNP, rs6880062 on chromosome 5 with 

the closest gene being FAM114A2 has not previously been associated with SB 

(Sokolowski et al., 2015) while another leading SNP identified on chromosome 

20, rs4809706, was located nearby the PREX1 gene which has been associated 

with depression and autism-like behavior (Li et al., 2015). Furthermore, all SNPs 

explained 4.6% of the variation in SA and controlling for mental disorders reduced 

the heritability estimate to 1.9% (Erlangsen et al., 2020); the reduction from 4.6 

to 1.9% indicates that parts of the genetic transmission is likely explained through 

mental disorders. 

In conclusion, the studies on the heritability of SB have shown a strong genetic 

component, highlighting how a large number of genetic variants appear to be 

involved in the emergence of SB each of which contributes a small modulation of 

risk. However, GWASs, useful for detecting small effects, have failed to clearly 

identify specific markers contributing to this genetic liability. The ability to identify 

significant associations and the relevance of such information to suicidality is 

linked both to the number of subjects in each group and to the method used to 

define the groups. Second, variations in the definition of SB in the studies on 

genetic association are considerable, a fact which would tend to render 

comparisons between the results obtained somewhat rash. Finally, multiple 

testing, the rates of false positives and statistical significance levels are important 



50  

issues in determining the strength of findings in genetic association studies 

(Mirkovic et al., 2016). 

 

 

1.2.3 Epigenetics of Suicidal behavior 
 

An important factor contributing to gene regulation that may bridge the gap 

between genetic variation and transcriptomic effects in suicide, and potentially 

mediate the translation of social stress into biological dysfunction, is the 

epigenetic control of gene expression. The epigenome is potentially malleable - 

changing with age (Bell et al., 2012) and in response to specific environmental 

(Feil and Fraga, 2012) and psychosocial factors (Burns et al., 2018) - providing a 

mechanism for the interaction between genotype and the environment (Mill and 

Heijmans, 2013). Particularly in more recent years, increased understanding of 

epigenetic processes that occur in the brain in health and disease has opened 

promising avenues in suicide research.  

Ten epigenome-wide association studies (EWAS) have explored DNA 

methylation in suicide. Three studies compared global methylation levels in blood 

between suicidal subjects and non-suicidal controls. Despite the tissue-specific 

nature of DNA methylation, the inaccessibility of human brain samples 

necessitates the frequent use of surrogate tissues such as blood, in studies of 

associations between DNA methylation and brain function and health (Edgar et 

al., 2017, Walton et al., 2016). The first reported global hypermethylation levels 

in peripheral blood of 73 suicide attempters (SAs) with psychiatric illness 

compared to 70 psychiatric non-attempters (Murphy et al., 2013). 

Hypermethylation was also reported in postmortem ventral prefrontal cortex of 

suicide completers compared to non-psychiatric controls (N=25 and N=28 

respectively) (Haghighi et al., 2014). The third study examined 6 suicide 

completers (5 of which were non-psychiatric) and 6 non-psychiatric sudden-death 

controls and significant global hypomethylation was found in the suicide group 

(Schneider et al., 2015). The opposite findings reported in these studies could be 

due in part to the differences in study populations (psychiatric vs. non-psychiatric 

subjects), suicide phenotypes (SA vs. suicide completers), methodologies for 

assaying DNA methylation (Methylflash for quantification of global 5-

methylcytosine methylation vs. Methylation450K array for assaying methylation 
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levels at CpG sites across the genome) tissue types (peripheral blood vs. various 

postmortem brain regions) as well as differences in group size analysed. In 

addition to the analysis of global methylation levels, four studies conducted 

epigenome-wide comparisons of individual CpG sites between suicidal and non-

suicidal controls. In the first study, the authors analyzed postmortem prefrontal 

cortical samples of MDD patients and found SKA2, ATP8A1, LOC153328, and 

KCNAB2 to be differentially methylated between suicide cases and controls 

(Guintivano et al., 2014). Of these, only SKA2 was differentially methylated in 

neuronal and glial fractions in both the discovery and replication samples 

(Guintivano et al., 2014). In addition, the authors were able to replicate the SKA2 

findings in two additional postmortem prefrontal cortical samples (Guintivano et 

al., 2014). In the second study, another research group compared peripheral 

blood DNA methylation levels between bipolar disorder patients with no 

suicidality and those with high suicidality (Jeremian et al., 2017) and identified 

DMRs within three genes that reached epigenome-wide significance: MPP4, 

NUP133, and TBC1D16 (Jeremian et al., 2017). In the third epigenome study, 

the authors analysed methylation levels in neuronal fractions of postmortem 

orbitofrontal cortical samples (Kozlenkov et al., 2017). They identified 454 

nominally differentially methylated CpG sites between suicide completers and 

non-suicide controls. Further differential analyses revealed that the 

hypermethylated sites were enriched for genes that were found to be also 

differentially expressed in glutamate neurons, whereas the hypomethylated sites 

were enriched for genes that were differentially expressed in GABA neurons 

(Kozlenkov et al., 2017). Most recently, another EWAS of SA in blood of SCZ 

patients yielded cg19647197 in the CCDC53 gene as the top finding (Bani-Fatemi 

et al., 2018). In addition to the studies mentioned above, Labonte et al. found 

promoter hypermethylation of genes involved in cognitive pathways in 

postmortem hippocampal samples of suicide victims compared to those of non-

psychiatric sudden-death controls (Labonte et al., 2013). In another study, 

Labonté et al. reported ALS2 gene promoter to be hypermethylated in 

postmortem hippocampal samples of suicide victims with history of abuse 

compared to those of suicide victims without abuse and non-suicide controls 

(Labonte et al., 2012b). Taken together these findings, although requiring further 

replication, additional validation and more consistent study designs, suggest that 

global DNA methylation may be a biomarker of suicide risk in psychiatric patients. 
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If a robust body of evidence is available for DNA methylation, studies examining 

the role of histone modifications in SB remain limited to the study of candidate 

genes (Ernst et al., 2009a, Fiori et al., 2012) and genome-wide approaches have 

not yet been undertaken. Only three studies investigating histone modifications 

in relation to suicide stand out in the current literature. The first tested the NTRK2 

gene in postmortem brain samples of suicide completers and controls and found 

increased Histone 3 Lysine 27 (H3K27) methylation in suicide completers (Ernst 

et al., 2009a). The second study examined the polyamine stress response 

system, which has been associated with suicide (Fiori et al., 2011, Fiori et al., 

2012, Gross et al., 2013). The authors focused particularly on five genes (i.e. 

ARG2, SAM, AMD1, and OAZ1 and OAZ2) that are involved in polyamine 

metabolism (Fiori et al., 2012). They found increased Histone 3 Lysine 4 

trimethylation (H3K4me3, an active promoter mark) in the upstream region of 

OAZ1 in the prefrontal cortex of suicide completers compared to non-suicide 

controls (Fiori et al., 2012). The most recent paper investigated the Connexin 

genes CX30 and CX43, which are important for communication between 

astrocytes through gap junctions, in suicide completers with low expression of 

astrocytic genes (Nagy et al., 2017). They found increased Histone 3 Lysine 9 

trimethylation (H3K9me3, a repressive histone mark) for both CX30 and CX43 in 

the prefrontal cortex (Nagy et al., 2017). 

 

 

1.2.4 Common neurobiological pathways epigenetically dysregulated in 
suicide 

In the last decade, the investigation of epigenetic mechanisms in SB has 

implicated the role of key biological pathways, including hypothalamic pituitary 

adrenal (HPA) axis, stress response, polyamine system, neurotrophic signalling 

and lipid metabolism. A comprehensive list of studies reporting epigenetic 

dysregulation in association to suicide and SB can be found in Table 1.2 (DNA 

methylation and histone modifications studies) and Table 1.3 (Non-coding RNA 

studies) at the end of this chapter. Common pathways frequently targeted by 

epigenetic and miRNA dysregulation are illustrated in Figure 1.5 and discussed 

in detail in the following sections.  
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Figure 1.5 Molecular pathways involved in suicide behaviour. 

(1) Polyamine system: several enzymes involved in the regulation of polyamine intracellular concentration exhibit epigenetic regulatory mechanisms in 
suicide through DNA methylation (AMD1, ARG2), histone methylation (OAZ1) and/or post-translational mechanisms (SAT1, SMOX) as miRNAs regulation. 
(2) Neurotransmission: many genes known to play a key role at chemical and/or electrical synapses have been reported as hypomethylated (BEGAIN, 
GIRK2, GALR3), hypermethylated (RELN) or histone methylated (SYN1-3, CX30, CX43) in suicide cases compared to non-psychiatric controls suggesting 
that neurotransmission may be compromised in suicide. (3) HPA axis:  two genes differentially involved in cortisol release following stress (NR3C1, SKA2) 
have been found to be both significantly hypermethylated in suicide cases relative to controls supporting the hypothesis of suicide-associated HPA axis 
dysregulation. (4) Neurotrophic Signalling: several studies examining BDNF and TrkB in post-mortem suicide brains revealed distinct epigenetic regulation 
pattern for these two genes: the receptor TrkB seems to be regulated via miRNAs (miR-30a, miR-185, miR-195 and miR-49) and histone acetylation while 
the expression levels of the neurotrophin Bdnf correlate with DNA hypermethylation in the promoter region of the gene. Abbr: miR, microRNA; HPA, 
hypothalamic–pituitary–adrenal axis. For gene names refer to main text below. Figure taken from (Policicchio S et al., 2018).
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1.2.4.1 HPA stress axis  
 

It is well established that perturbations in the hypothalamic–pituitary–adrenal axis 

(HPA) axis are associated with the pathophysiology of suicide (Mann and Currier, 

2010). The HPA axis is a neuroendocrine system, key regulator of cortisol release 

and the stress response (Raison and Miller, 2003). Research has shown that the 

HPA axis may be epigenetically programmed by the early-life environment 

(Turecki, 2014). Several HPA-axis coupled genes have been identified over the 

years: corticotropin releasing hormone (CRH), corticotropin releasing hormone 

binding protein (CRHBP), corticotropin releasing hormone receptor 1 (CRHR1), 

corticotropin releasing hormone receptor 2 (CRHR2), FK506-binding protein 51 

(FKBP5) and the glucocorticoid receptor (NR3C1)(Roy et al., 2012) 

More recently, a study aiming to identify DNA methylation shifts linked to severity 

of the SA in HPA-axis coupled genes was conducted in whole blood derived DNA. 

The authors reported reduced levels of DNA methylation at two loci within the 

CRH promoter in serious suicide attempters. The study did not investigate DNA 

methylation differences directly in brain tissue however, by using a bioinformatics 

comparison tool, authors were also able to assess whether the DNA methylation 

levels they observed in blood were present in brain. Interestingly, significant 

blood-brain correlations in DNA methylation were found suggesting that the 

alterations observed in blood may impact on expression profile of CRH in the 

brain (Jokinen et al., 2018). 

 

1.2.4.2 Glucocorticoids 
 

Glucocorticoids play a crucial role in the maintenance and survival of neurons 

and in synaptic plasticity (Myers et al., 2014). A study examining the DNA 

methylation status of GR exon 1F variant in individuals who died by suicide and 

were severely abused during childhood observed increased DNA methylation at 

the GR promoter compared to suicide victims with no childhood abuse or controls 

(McGowan et al., 2009). However, the same study reported that neither 

hippocampal GR expression nor the methylation status of the exon 1F NR3C1 

promoter was altered in suicide victims with no history of abuse (McGowan et al., 

2009) suggesting that variation in the methylation status is closely associated 

with a developmental history of familial adversity, in this case a history of 
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childhood abuse and not with suicide per se. Furthermore, GR methylation status 

appears to regulate the binding of the NGFI-A transcription factor associated with 

the GR expression (McGowan et al., 2009, Weaver et al., 2004). The disrupted 

GR function may result in inadequate control of the HPA axis, possibly leading to 

hyperactive cortisol secretion and development of anxiety traits (Herman et al., 

2016). In turn, anxiety mediates the relationship between the exposure to early 

life adversity (ELA) and SB (Turecki, 2014, Wanner et al., 2012). These findings 

are also consistent with those from studies with rodent and non-human primates 

showing that persistent disruptions of mother-infant interactions are associated 

with increased hypothalamic corticotrophin-releasing hormone expression and 

increased HPA responses to stress (Meaney, 2001, Plotsky et al., 2005). 

Variations in maternal care in the rat influence hippocampal glucocorticoid 

receptor expression, as well as methylation of the rat fetal calf serum Nr3c1 

promoter, the homolog of the human exon 1F NR3C1 promoter (Liu et al., 1997, 

Weaver et al., 2004). 

Lastly, a study has suggested a role for dietary deficiencies in mediating the 

interaction between an altered GR system and SB (Weaver et al., 2005). DNA 

methyltransferases catalyse the transfer of a methyl group from the methyl donor, 

s-adenoslymethionine (SAM), onto the 5C position of the dinucleotide sequence 

CG. However, the synthesis of SAM is dependent on the availability of dietary 

foliates, vitamin B12 and choline, suggesting an alternative mechanism to altering 

the expression of the GRII exon 17 promoter (Bennett, 2011).  

 

1.2.4.3 SKA2 - Altered microtubule binding  
 

An exciting new candidate in the relationship between cortisol regulation and 

suicide is the spindle and kinetochore associated protein 2 (SKA2), a gene that 

has been implicated in GR signalling (Rice et al., 2008). This microtubule binding 

protein is thought to interact with the HPA axis by chaperoning the GR from the 

cytoplasm to the nucleus upon cortisol binding (Rice et al., 2008). Once in the 

nucleus, the GR can interact with genomic DNA and influence gene expression 

involved in negative feedback regulation of the HPA axis response. In 2014, a 

study identified site and allele-specific DNA methylation patterns in the SKA2 

gene, in particular increased SKA2 3′ untranslated region methylation and 

concomitantly decreased SKA2 mRNA levels, were detected in the frontal cortex 

of MDD suicide completers relative to MDD non-suicide completers (Guintivano 
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et al., 2014). Further research found that SKA2 DNA methylation predicted 

lifetime SA in saliva and blood in individuals suffering from post-traumatic stress 

disorder (PTSD) (Kaminsky et al., 2015). Higher DNA methylation at the same 

site and allele was also found to predict lower levels of miR-301a in the cortex of 

depressed suicide completers (Smalheiser et al., 2012). Since the expression of 

this miRNA is tied to SKA2 expression, it was suggested as a proxy of suicide-

associated SKA2 decreases (Smalheiser et al., 2014, Kaminsky et al., 2015). 

Further support to these preliminary findings has been provided by more recent 

studies suggesting the influence of trauma exposure on SKA2 DNA methylation 

as well as DNA methylation of the SKA2 gene as a biomarker of suicide risk and 

stress-related psychopathology (Boks et al., 2016, Sadeh et al., 2016). 

  

1.2.4.4 Polyamine system and SAT1  
 

The polyamine system is another stress response pathway which has been 

extensively characterized in relation to suicide risk. Polyamines, aliphatic 

compounds with multiple amine groups, have been implicated in regulation of 

gene expression at transcriptional and posttranscriptional levels, regulating the 

function of several neuromodulators and acting as neurotransmitters themselves 

(Limon et al., 2016, Gilad and Gilad, 2003). Involvement of epigenetic 

modifications in the regulation of genes associated with polyamine biosynthesis 

has been implicated in  SB (Gross et al., 2013). 

 

SAT1 is an enzyme involved in polyamine catabolism and is arguably one of the 

most consistently downregulated gene in depressed suicide completers 

(Sequeira et al., 2006, Fiori et al., 2009, Guipponi et al., 2009, Fiori and Turecki, 

2011, Fiori and Turecki, 2010, Le-Niculescu et al., 2013, Sequeira et al., 2007). 

A potential mechanism for SAT1 downregulation is through epigenetic control, as 

studies have identified that SAT1 promoter DNA methylation is inversely 

correlated with SAT1 expression. Moreover, there is evidence for histone 

modifications affecting SAT1 expression along with other key enzymes in 

polyamine synthesis (Fiori et al., 2012, Gross et al., 2013, Fiori and Turecki, 

2011) and that miRNAs can target polyamine transcripts, including SAT1 (Lopez 

et al., 2014). SAT1 has therefore emerged as a potential biomarker for suicide, 

topping the lists of candidate genes in several studies (Le-Niculescu et al., 2013, 

Niculescu et al., 2015a, Niculescu et al., 2015b). However, it is still unknown 



57  

whether this gene is involved in major depressive disorder (MDD) independently 

of suicide, which isoforms are dysregulated and whether the gene undergoes 

differential splicing in suicide and depression (Pantazatos et al., 2015).  

 

The expression of several other polyamine-associated enzymes were found 

altered in the cortex of post-mortem depressed suicide cases. The spermine 

oxidase (SMOX) gene, encoding for a catabolic enzyme, was found 

hypermethylated in the promoter region in the prefrontal cortex (PFC) of 

depressed suicide subjects relative to the depressed non-suicide group as well 

as the healthy control group. However, there was no correlation between aberrant 

promoter DNA hypermethylation and gene expression levels (Fiori and Turecki, 

2010). Two studies have identified DNA hypomethylation at the promoter region 

of the arginase 2 (ARG2) and adenosylmethionine decarboxylase1 (AMD1) 

genes, which correlated with increased gene expression in suicide completers 

compared to controls (Fiori et al., 2012, Gross et al., 2013). A different epigenetic 

modification showed to regulate the Ornithine Decarboxylase Antizyme 1 (OAZ1) 

gene, also involved in the intracellular regulation of the polyamine levels. 

Increased H3K4me3 levels in the promoter region of OAZ1 were found in suicide 

completers and appeared to correlate with the expression of OAZ1 and ARG2 in 

Brodmann area 44 (Fiori et al., 2012). Taken together this research provides 

support for the involvement of epigenetic modifications in the regulation of genes 

associated with polyamine biosynthesis, which may play an important role in SB.  

 

1.2.4.5 Neurotrophic pathways - BDNF and NTRK2 
 

Genome-wide DNA methylation studies in the brains of suicide completers 

indicates that suicide is associated with widespread changes in DNA methylation 

patterns of neurotrophic and neuroprotective factors in the hippocampus and 

PFC (Schneider et al., 2015, Labonte et al., 2013). Brain derived neurotrophic 

factor (BDNF) is a well-known receptor binding factor with growth factor activity; 

it is essential for the survival and plasticity of cortical and striatal neurons and it 

has been implicated in both stress response (Dwivedi, 2010) and mood disorders 

(Phillips, 2017). Increased BDNF promoter/exon 4 DNA methylation has been 

reported in suicide brains (Keller et al., 2010), a finding that is consistent with 

those observed in depressed patients with a history of SA, or with SI during 

treatment with antidepressants (Kang et al., 2013). Similarly, another study 
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focusing on the Wernicke area of suicide subjects, reported a remarkable 

increase of DNA methylation at the BDNF promoter IV in suicide subjects 

(∆β=12% ± SD) with respect to controls (∆β =5% ± SD) (Keller et al., 2011). Taken 

together this evidence suggest that BDNF DNA methylation status maybe a proxy 

marker for previous suicidal attempts and a clinical biomarker for poor treatment 

outcomes of SI in depression. However, larger studies are required to confirm 

these findings. 

Interestingly, TrkB, main receptor of BDNF and encoded by the NTRK2 gene, is 

also regulated through epigenetic changes that appear to have an impact on 

suicide risk. In brain tissue from individuals who died by suicide, mRNA 

expression of Trk-BT1, the astrocyte-enriched TrkB truncated variant, was found 

significantly decreased and correlated with increased DNA methylation at the 

TrkB-T1 promoter suggesting that astrocytic dysfunction may occur in individuals 

who die by suicide (Ernst et al., 2009a, Ernst et al., 2009b, Maussion et al., 2014). 

 

 

1.2.5 Non-coding RNAs and their role in SB 
 

The specific dysregulation of ncRNA function in suicide has just began to be 

appreciated with a number of recent studies implicating a role for miRNA 

dysregulation in the pathogenesis of SB (see Table 1.3 for full list of suicide-

associated miRNAs). One hypothesis-free study examined post-mortem PFC 

samples of suicide completers and controls with SCZ, BPD or MDD (Smalheiser 

et al., 2014). Out of 232 miRNAs that showed strong association with expression, 

eight reached nominal significance, six of which were downregulated and two 

were upregulated. Overall, 70% of miRNAs showed downregulation in the suicide 

group; and this was consistent with the authors’ previous finding of reduced global 

miRNA expression in depressed suicide cases compared to controls (Smalheiser 

et al., 2014). Another study screened the locus coeruleus for expression changes 

in 355 miRNAs between MDD suicide cases and non-psychiatric controls (Roy et 

al., 2017b). The authors found 10 miRNAs upregulated and three downregulated, 

with further analyses implicating neural transmission and plasticity. On the other 

hand, Pantazatos et al. found no difference in 1353 annotated miRNAs between 

MDD suicide cases and MDD controls from a different brain collection 

(Pantazatos et al., 2017). Interestingly, some of the suicide-associated genes 
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previously discussed as showing altered DNA methylation and/or histone 

modifications were found to be targets of differentially expressed miRNAs. For 

example, the expression levels of two genes involved in the polyamine 

metabolism (SAT1 and SMOX) were found to be downregulated by 

overexpression of miRNAs (e.g. miR-139-5p, miR-34c-5p, miR-195, miR-320c) 

in suicide cases compared to controls (Lopez et al., 2014, Pantazatos et al., 

2015). Similarly, a study comparing suicide completers and non-psychiatric 

controls with low post-mortem brain TrkB-T1 transcript expression found miR-

185, which binds to 3′ untranslated region and is thought to regulate the NTRK2 

gene (TrkB receptor) to be upregulated in the frontal cortex of suicide completers 

(Maussion et al., 2012); this finding was also validated in an independent sample 

(Maussion et al., 2012). Furthermore, miR-185, together with miR-195 and miR-

30a have been implicated in regulating the BDNF signalling pathway (Serafini et 

al., 2014, Maussion et al., 2012, Mellios et al., 2008), a pathway repetitively 

reported as involved in SB. Another study (Wang et al., 2018a) examined PFC 

levels of six potential regulators of the expression of tumor necrosis factor gene 

(TNF-α), a cytokine that have been associated with suicide, SA, and SI, (Lindqvist 

et al., 2009, Monfrim et al., 2014, Pandey et al., 2012). The level of miR-19a-3p 

was found to be upregulated in MDD suicide cases compared to healthy controls 

in samples obtained from two distinct brain collections (Wang et al., 2018a). 

Furthermore, Sun et al, implicated a role for notch signalling in SI in a study of 

miRNAs from peripheral blood leukocytes of MDD patients (Sun et al., 2016).The 

expression levels of two notch-associated miRNAs, miR-34b–5p and miR-369–

3p, were found to be significantly lower in patients with SI relative to patients 

without SI (Sun et al., 2016). Consistent with these results, expression levels of 

these miRNAs have been previously shown to be reduced in PFC of depressive 

suicidal patients compared to normal controls (Smalheiser et al., 2012), 

highlighting the potential utility of examining differences in miRNA expression in 

peripheral tissue from individuals with SB. Taken together, these findings suggest 

a coordinated epigenetic and miRNA regulation of pathways potentially relevant 

to the aetiology of SB. 

 

LncRNAs represent another interesting class as they are enriched for expression 

in the brain (Derrien et al., 2012) and are developmentally regulated (Aprea et 

al., 2013), but less evolutionarily conserved than other RNA species. Although 
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preclinical studies have begun to unravel how lncRNAs may contribute to 

emotional control (Spadaro et al., 2015) and affective disorders (Lin and Turecki, 

2017), their role in SB, with the exception of few studies, remain mostly 

unexplored. Recently, our group suggested a role for DNA methylation at the 

PSORS1C3 locus, a non-coding RNA, in the brains of suicide completers 

(Murphy et al., 2017). Although the function of the PSORS1C3 gene product 

remains unknown, it is thought to potentially regulate nearby genes (for example, 

POU5F1 and HLA-C), suggesting a role in immune system regulation. Moreover, 

PSORS1C3 is a known psoriasis susceptibility gene further supporting a role in 

immune system regulation (Murphy et al., 2017). Furthermore, a recent study 

identified six lncRNAs (refer to Table 1.3) whose expression was downregulated 

in peripheral blood samples of MDD patients with SI (Cui et al., 2017) . Lastly, 

Punzi et al showed that the expression of an uncharacterized lncRNA, 

LOC285758, was significantly increased in violent suicide cases compared to 

non-violent suicide cases (Punzi et al., 2014). Interestingly, DNA methylation of 

an intragenic CpG island in the myristoylated alanine-rich protein kinase C 

substrate (MARCKS) gene, a locus previously reported as potential blood 

biomarker for suicidality (Le-Niculescu et al., 2013) was found to be associated 

with the expression of this lncRNA, suggesting that the previously reported 

MARCKS association with violent suicide may involve regulation by LOC285758 

expression. In conclusion, profiling ncRNAs can substantially contribute to our 

understanding of how gene expression networks are reorganized in suicide.  

 

The high miRNA diversity multiplied by the large number of individual miRNA 

targets generates a vast regulatory RNA network than enables flexible control of 

mRNA expression. The gene-regulatory capacity and diversity of miRNAs is 

particularly valuable in the brain, where functional specialization of neurons and 

persistent flow of information requires constant neuronal adaptation to 

environmental cues (O'Carroll and Schaefer, 2013). Furthermore, considering the 

relative lack of success of the analysis of variations in candidate protein coding 

genes and of GWAS to identify strong risk factors for common psychiatric 

phenotypes, miRNA genes are of particular interest for the field of psychiatric 

genetics as deregulation of the rate of transcription or translation of a normal gene 

may be phenotypically similar to disruption of the gene itself. 
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1.3 Limitations of current epigenetic research 

One of the major challenges in studying epigenetic changes in neuropsychiatric 

disorders is the availability of samples from the primary target tissue (i.e., the 

brain). Since it is not possible to perform in vivo epigenetic studies in the brain, 

only retrospective study designs using post-mortem brain samples are viable. 

These experiments are limited by access to high-quality, well-phenotyped 

samples. Post-mortem interval, storage time, pH, medication history, are all 

potential confounders that could influence epigenetic analyses of such samples 

(Pidsley and Mill, 2011). Considering the small absolute changes that are likely 

to be uncovered, the small number of brain samples available for 

neuropsychiatric epigenetic research is one of the major cause responsible for 

the limited power to detect significant associations. 

The high dependence on epigenetic marks to delineate cell types and the cellular 

heterogeneity of many tissues compels scientists to refine their sampling 

procedures. Given the cell-specific differences identified in epigenetic gene 

regulation (Guintivano et al., 2013, Kozlenkov et al., 2014, Kozlenkov et al., 2016, 

Kundakovic et al., 2017, Mendizabal et al., 2019), the isolation of specific cell 

types (e.g., neurons, glia, and astrocytes) from bulk tissue is crucial. Approaches 

such as laser capture microdissection (LCM) or fluorescence-activated cell 

sorting (FACS) have been recruited to detect disease-associated changes that 

manifest in only a small subset of cells, which may not be detectable in analyses 

of whole tissue  (Steiner et al., 2012, Kim et al., 2015b, Policicchio S et al., 2018). 

It is indeed a major concern in epigenetic epidemiology studies that any apparent 

disease-associated epigenetic differences may simply reflect differences in 

cellular composition (Policicchio S et al., 2018, Barton et al., 2019, Mill and 

Heijmans, 2013) and failure to account for cellular heterogeneity could limit the 

power of epigenetic studies in complex phenotypes. Careful sample selection and 

high-sensitivity detection tools are therefore required in order to correctly 

understand the molecular implications of methylation at individual loci, either in 

development, or as a risk factor for mental illness (Cariaga-Martinez and Alelu-

Paz, 2017). Lastly, epigenetic research applied to psychiatry currently only 

counts on fragmented information, focusing on DNA methylation or one histone 

modification as the main finding, with minimal interest in the interplay with other 

epigenetic mechanisms (Cariaga-Martinez and Alelu-Paz, 2017). Methylation 

itself (along with other DNA modifications) is not sufficient to fully understand the 



62  

putative role of epigenetics in the evolvement of mental disorders (Fullard et al., 

2016). Given the present outlook and with the current lack of information, we are 

unable to get an adequate frame of knowledge of the actual epigenetic 

contribution to mental disorder development. To this end, neuroepigenomics 

represents an effort to unify the research available on the molecular pathology of 

mental diseases, which has been carried out through several approaches ranging 

from interrogating single DNA methylation events and hydroxymethylation 

patterns, to epigenome-wide association studies, as well as studying post-

translational modifications of histones, or nucleosomal positioning and miRNA 

post-translational regulation (Cariaga-Martinez and Alelu-Paz, 2017). 

 

 

1.4 General aims of my thesis 

 

Despite the availability of cutting-edge technologies and the broader 

comprehension of the molecular pathology of severe mental illness, our 

knowledge about dysregulation of epigenomic mechanisms in the brain of 

individuals who died by suicide remain limited, largely based on studies 

conducted on small numbers of samples and/or studies performed on bulk brain 

tissue therefore overlooking the variation at the level of individual cell types. The 

general aim of this thesis was to further the knowledge on the extent of 

methylomic and transcriptomic variation in the brain of suicidal individuals as well 

as to develop an experimental approach which could enable us to address the 

cell heterogeneity issue in the context of profiling genomic variation in complex 

tissue like the human brain. 

 

• In the first empirical chapter (Chapter 3) I aim to systematically investigate 

genome-wide methylomic variation associated with SB in the brain, by utilising 

previously published and unpublished methylomic datasets. In this study, 

genome-wide DNA methylation profiles were available from post-mortem brain 

samples of suicide completers and non-psychiatric, sudden-death controls. 

Methylomic data available for two different brain regions - Prefrontal cortex 

(PFC) and Cerebellum (CER), (PFC: 4 cohorts, n = 211; CER: 3 cohorts, n= 

114) - were meta-analysed across the suicide cohorts for each brain region 

separately. I reported evidence for altered DNA methylation in suicide cases 
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compared to controls in both brain regions and found that suicide-associated 

DMPs were enriched among gene networks implicating biological processes 

relevant to neuropsychiatric phenotypes and suicidality, including nervous 

system development (PFC) and regulation of long term synaptic depression 

(CER). Finally, I examined the functional implications of a top-ranked PFC 

suicide-associated differentially methylated region (PSORS1C3 DMR) on gene 

expression levels in that region and found no evidence of statistically robust 

correlation between DNA methylation status and gene expression of nearby 

genes. 

 

• In the second empirical chapter (Chapter 4), by leveraging upon two 

different published protocols, I describe the optimisation of a method to purify 

discrete populations of nuclei derived from three neural cell types (neurons, 

oligodendrocytes and other glial cells) in the post-mortem human brain. These 

nuclei populations yield high quality genomic DNA and nuclear RNA which are 

suitable for parallel multi-omics assays. DNA methylation profiling and gene 

expression analysis are the two main applications I have chosen to focus on for 

the purpose of this thesis.  

 

 •      In the third empirical chapter (Chapter 5) I investigate DNA methylation 

variation associated with cellular heterogeneity in the healthy human brain. I 

identified multiple cell type-specific differentially methylated positions (DMPs) 

and differentially methylated regions (DMRs) in the human PFC.This pilot study 

highlights the utility of disentangling the complexity of the bulk tissue at a cellular 

resolution to identify whether different epigenetic signatures are driven by distinct 

cell types helping therefore to better explain the phenotype variability observed 

in complex diseases. 

 

• In the fourth empirical chapter (Chapter 6) I utilised post-mortem brain 

tissue to extract miRNAs from a cohort of depressed suicide completers and non-

psychiatric controls in order to identify differentially expressed miRNAs using the 

TaqMan® OpenArray® Human microRNA Panel. Despite lacking strength of 

association, the preliminary findings of this screening provide suggestive 

evidence of differential expression of miRNA in suicide completers although 

requiring replication and validation in a larger independent cohort.
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Table 1.2  Aberrant epigenetic changes associated with suicidal behaviour. 

GENE 
SYMBOL 

PROTEIN 
ENCODED 

GENE FUNCTION 
(NCBI) 

MOLECULAR 
FUNCTION (UniProt) 

TISSUE KEY FINDINGS REFERENCES  

DNA methylation 

Global DNA 
methylation 

NA NA NA 
PFC 

(BA47) 

eight-fold increased DNA 
methylation in suicide group 

compared to controls 

(Haghighi et 
al., 2014)* 

Global DNA 
methylation 

NA NA NA 
Peripheral 

blood 

Psychiatric patients with a 
history of  SA had significantly 

higher levels of global DNA 
methylation compared with 

controls 
 

(Murphy et al., 
2013)*§ 

NR3C1 
Glucocorticoid 

receptor 

Maintenance and 
survival of neurons 

and in synaptic 
plasticity 

Affects inflammatory 
responses, cellular 

proliferation and 
differentiation in target 

tissues. Involved in 
chromatin remodelling. 

Plays a role in rapid 
mRNA degradation 

Hippocampus 

Significant DNA 
hypermethylation at GR 

promoter in the hippocampus of 
suicide completers with history 
of abuse compared to controls 

(McGowan et 
al., 2009)*§ 

    Hippocampus 

DNA hypermethylation in the 
exon 1F of the GR gene in 

abused individuals who died by 
suicide compared to non-abused 

individuals 
 

(Labonte et 
al., 2012a)* 

RNR1 ribosomal RNA 

Critical functions in 
the ribosome that 

allow protein 
synthesis to occur 

NA Hippocampus 

Overall DNA hypermethylation 
of rRNA promoter in the 
hippocampus of suicide 

completers with history of 
abuse/childhood adversity 

(McGowan et 
al., 2008)* 
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NTRK2 
TrkB-T1 (astrocytic 

variant) 

Receptors of 
neurotrophins. Role in 

neurotransmission, 
calcium release, synaptic 

plasticity, and cell 
survival. High affinity 

receptor of BDNF 
associated with mood 

disorders and SB 

Development and the 
maturation of the 
central and the 

peripheral nervous 
system 

PFC  
(BA 8/9) 

Increased DNA methylation in 
two CpG sites within the 

promoter of TrkB-T1 
accompanied by decreased 

mRNA expression in the PFC of 
suicide completers compared to 

controls 

(Ernst et al., 
2009b) 

    PFC 
 (BA 8/9) 

DNA hypermethylation at four 
CpG sites in the TrkB-T1 3’ UTR 

region in suicide cases 
compared to controls. 

Correlation between DNA 
methylation levels at these sites 

and TrkB-T1 expression 
 

(Maussion et 
al., 2014)* 

GABRA1 GABAA α1 

Stabilizing or 
hyperpolarising the 

resting potential 
Inhibitory effect, reducing 

the activity of the 
neurons 

Drug binding, GABA-
A receptor activity, 

GABA-gated chloride 
ion channel activity 

FPC 

Increased DNA methylation 
detected in the GABRA1 gene 
and negatively correlated with 

DNMT3B protein expression but 
positively with DNMT1 mRNA in 

the FPC of suicide cases 

(Poulter et al., 
2008) 

 

RELN 
reelin, glutamic acid 

decarboxylase 

Cell-cell interactions 
control, critical role in cell 
positioning and neuronal 

migration during brain 
development 

Lipoprotein particle 
receptor binding, 
metal ion binding, 

protein kinase activity 

Occipital  
cortex 

DNA hypermethylation at the 
RELN promoter in SZ subjects 
who died by suicide compared 

to controls 

(Grayson et 
al., 2005) 

 

    Forebrain 

Hypermethylation at 3 CpG sites 
within RELN promoter in SZ 
suicide cases compared to 

controls. DNA hypermethylation 
negatively correlated with reelin 

expression 

(Tamura et 
al., 2007) 
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SAT1 
Diamine 

acetyltransferase 1 
Enzyme in polyamine 

catabolism 
Polyamine metabolism 

PFC  
(BA 8/9) 

DNA hypermethylation in suicide 
completers carrying the C allele at 

the rs6526342 SNP within the 
SAT1 promoter region. CpG 

methylation at SAT1 promoter 
negatively correlates with gene 

expression 
 

(Fiori and 
Turecki, 
2011)* 

SMOX spermine oxidase 
Enzyme in polyamine 

catabolism 

Role in the regulation 
of polyamine 
intracellular 

concentration 

PFC 

DNA hypermethylation in the 
promoter of SMOX in the brain of 
suicide subjects. No correlation 
with the gene expression levels 

(Fiori and 
Turecki, 
2010)* 

BDNF 
brain derived 

neurotrophic factor 

Role in neuronal survival 
and plasticity, in the 

regulation of the stress 
response and in the 

biology of mood disorders 

Growth factor activity, 
neurotrophin, TRKB 

receptor binding 

Wernicke 
area 

BDNF promoter IV 
hypermethylation in the suicide 

brains compared to controls. DNA 
hypermethylation levels correlates 

with significantly lower BDNF 
expression 

 
(Keller et al., 

2010)*§ 

    Peripheral 
blood 

Increased BDNF methylation was 
significantly associated with SI and 

depression in female patients 1 
year after breast surgery and this 
association was independent of 
previous depression, and BDNF 

genotype. No significant 
methylation–genotype interactions 

were found 

(Kim et al., 
2015a)* 

    Peripheral 
blood 

Higher BDNF DNA methylation 
levels significantly associated with 

previous SA,  SI during 
antidepressant treatment, and  SI 

at the last treatment session 

(Kang et al., 
2013)*§ 

    Peripheral 
blood 

Higher DNA methylation at BDNF 
promoter is significantly associated 

with SI at baseline in a geriatric 
Korean population 

(Kim et al., 
2014)*§ 
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ARG2 arginase 2 

Suggested role in 
nitric oxide and 

polyamine 
metabolism 

Role in the regulation of 
extra-urea cycle, arginine 

metabolism and down-
regulation of nitric oxide 

synthesis 

PFC 
(BA 44) 

DNA methylation in the promoter 
region of ARG2 showed a 

relationship to the respective 
levels of expression in suicides 

(Fiori et al., 
2012)* 

    PFC 
(BA 44) 

Increased expression of ARG2 
in suicide completers correlates 
with decreased DNA methylation 

levels of specific CpGs in the 
promoter region 

(Gross et al., 
2013)* 

AMD1 
S-

adenosylmethionine 
decarboxylase 

polyamine 
biosynthesis 

Polyamines biosynthesis 
PFC 

(BA 44) 

Site-specific DNA methylation in 
the promoter region of ADM1 

was associated with ADM1 gene 
expression in suicide cases 

compared to controls 

(Fiori et al., 
2012)* 

    PFC 
(BA 44) 

Increases in gene expression of 
AMD1 in suicide completers 
correlate with decreases in 

methylation of specific CpGs in 
the promoter of this gene 

(Gross et al., 
2013)* 

GRIK2 
glutamate receptor 
ionotropic kainate 2 

Regulation of circuit 
activity in neuronal 
cells, through G-
protein coupled 

receptor stimulation 

Ion channel, receptor activity 
PFC  

(BA 8/9, 
BA10) 

GRIK2 is hypomethylated in 
suicide cases compared to 

controls. GRIK2 showed higher 
levels of expression in cases 

(Nagy et al., 
2015b)*§ 

BEGAIN 
brain-enriched 

guanylate kinase 
associated protein 

Structural role in  the 
postsynaptic density 

Transmission across 
chemical synapses and 

protein-protein interactions at 
synapses 

PFC  
(BA 8/9, 
BA10) 

BEGAIN is hypomethylated in 
suicide cases compared to 
controls. BEGAIN  showed 

higher levels of expression in 
cases relative to controls 

(Nagy et al., 
2015b)*§ 
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SKA2 

spindle and 
kinetochore 

associated complex 
subunit 2 

Structural role, 
microtubule 
organization. 

Potential role in 
suppressing cortisol 

following stress 

microtubule binding (Cell 
cycle, Cell division, 

Mitosis) 
FC 

DNA hypermethylation at C 
allele of rs7208505 predicted 

lower SKA2 expression in 
suicide completers 

(Guintivano et 
al., 2014)*§ 

    Blood and 
saliva 

DNA methylation variation at 
SKA2 gene mediates 

vulnerability to SB and PTSD 
through dysregulation of the 

HPA axis in response to stress 

(Kaminsky et 
al., 2015)*§ 

ELOVL5 
Elongation of very 

long chain fatty 
acids protein 5 

Elongation of long-
chain 

polyunsaturated fatty 
acids 

Polyunsaturated fatty 
acid biosynthesis 

Plasma 
SA significantly associated with 

DNA methylation in ELOVL5 
gene regulatory regions 

(Haghighi et 
al., 2015)*§ 

GAL, 
GALR3 

amino acid 
neuropeptide 

galanin, galanin 
receptor 3 

Mood regulation 

Chemical synaptic 
transmission, 

inflammatory response, 
nervous system 

development 

LC, DRN 

Increased GAL and GALR3 
mRNA levels, in parallel with 
decreased DNA methylation  
suicide cases compared with 

controls 

(Barde et al., 
2016)* 

    
PFC 

(BA 8/9,  
BA 24) 

GAL and GALR3 transcript 
levels were decreased, GALR1 

was increased, and DNA 
methylation was increased in the 

DLPFC of male suicide cases 
compared to controls 

(Barde et al., 
2016)* 

TNF-A 
Tumor necrosis 

factor alfa 
Cell signalling protein 

(cytokine) 

Pro-inflammatory 
cytokine involved in 
inflammatory and 

immune responses, 
mediating neuronal death 

in injured brain 

DLPFC 

TNF-A promoter significantly 
hypomethylated in the suicide 

cases compared with the control 
group 

(Wang et al., 
2018a) 

MARCKS 
Protein Kinase C 

Substrate 

Metabolism and 
Integration of energy 

metabolism 

calmodulin binding and 
protein kinase C binding 

DLPFC 

DNA  hypomethylation 
(cg24011531)  in the MARCKS 
gene in violent suicide cases 

compared to controls 

(Wang et al., 
2018a) 



69  

PSORS1C3 
Long non-coding 

RNA 

Long non-coding RNA 
with a postulated role 

in immune system 
regulation 

not reported 
PFC  

(BA 11 and 25) 

Significantly hypomethylated 
DMRs upstream of the 

PSORS1C3 gene in both 
cortical regions in depressed 
suicide cases compared to 

controls 

(Murphy et al., 
2017)*§ 

Histone modifications 

OAZ1 
Ornithine antizym 
decarboxylase e 1 

Role in cell growth 
and proliferation by 

regulating intracellular 
polyamine levels 

intracellular polyamine 
biosynthesis and uptake 

VLPFC  
(BA44) 

Increased H3K4me3 levels in 
the promoter region of OAZ1 in 
suicide completers correlated 
with the expression of OAZ1 

and ARG2 

(Fiori et al., 
2012)* 

NTRK2 
Neurotrophic 

Tyrosine Kinase 
Receptor Type 2 

Receptors of 
neurotrophins 

Role in 
neurotransmission, 

calcium release, synaptic 
plasticity, and cell 

survival 

PFC  
(BA10) 

Increased methylation at H3 
Lysine 27 in suicide brains 

compared to controls. 
Significant correlation between 

increased H3 lysine 27 
methylation and TrkB.T1 

expression level 
 

(Ernst et al., 
2009a) 

SYN1, 
SYN2 and 

SYN3 

Neuronal 
phosphoproteins 

Synaptogenesis, 
synaptic transmission 
and synaptic plasticity 

Regulation of 
axonogenesis and 

synaptogenesis 

PFC  
(BA10) 

H3K4me3 promoter 
enrichment in psychiatric 
suicide cases relative to 

controls 
 

(Cruceanu et 
al., 2013)*§ 

CX30, CX43 
Connexin 30 and 

43 

Diffusion of ions and 
metabolites between 

the cytoplasm of 
adjacent cells 

Gap junction channels 
NEOCORTEX 
(BA4, BA17) 

Enrichment of H3K9me3 for 
both CX30 and CX43 in the 
PFC of depressed suicide 

cases 

(Nagy et al., 
2017) 

Abbreviations: PFC, Prefrontal cortex; FPC, frontopolar cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe 
nucleus; SZ, Schizophrenia *Study used age matched cases and controls and/or included age as a co-variate in their analysis. § Study used gender 
matched cases and controls and/or included gender as a co-variate in their analysis. 
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Table 1.3 Differentially expressed miRNAs associated with suicidal behaviour. 

non-coding RNA 

PUTATIVE / 

VALIDATED TARGET 

GENE 

TARGET GENE FUNCTION (NCBI) TISSUE KEY FINDINGS REFERENCES  

MicroRNAs 

miR-152 

miR-181a 

miR-330-3p 

miR-34a 

miR-224 

miR-376a 

miR-133b 

miR-625 

NA NA PFC (BA10) 

8 miRNAs were significantly altered 

(2 up, 6 down) in psychiatric 

suicide subjects 

(Smalheiser 

et al., 2014)¥§ 

miR-34c-5p 

miR-320c 
SAT1 Enzyme in polyamine catabolism PFC (BA44) 

miRNAs targeting the 3’ UTR of 

SAT1 upregulated in PFC of suicide 

cases and lower expression levels 

of SAT1 gene in suicide cases vs 

controls 

(Lopez et al., 

2014)*§ 

miR-139-5p 

miR-320c 

 

SMOX 

Enzyme in polyamine catabolism 

(Roles in neurotransmission 

through the regulation of cell-

surface receptor activity, 

involvement in intracellular 

signalling pathways) 

PFC (BA44) 

miRNAs targeting the 3’ UTR of 

SMOX upregulated in PFC 

associated to a lower expression 

levels of SMOX gene in suicide 

cases 

(Lopez et al., 

2014)*§ 

miR-20b 

miR-20a 

miR-34a 

miR- 34b 

miR-101 

miR-148b 

BCL2 

DNMT3B 

MYCN 

VEGFA 

cellular growth and differentiation PFC (BA9) 

Globally downregulated expression 

pattern of  miRNAs in the PFC of 

depressed suicide subjects 

compared to non-suicidal controls 

 

(Smalheiser 

et al., 2012) 
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miR-34b–5p 

miR-369–3p 
NOTCH 

neuronal plasticity (sequence-

specific DNA binding 

transcriptional activator activity, 

RNA polymerase II transcription 

factor binding) 

Peripheral 

blood 

Expression levels of miR-34b–5p 

and miR-369–3p  were significantly 

lower in leucocytes of Chinese 

MDD patients 

with suicide idea compared to 

MDD patients without suicide idea 

 

(Sun et al., 

2016)*§ 

miR-185 

miR-491-3p 
NTRK2 

Receptors of neurotrophins 

Neurotransmission, calcium 

release, synaptic plasticity and cell 

survival 

PFC (BA10) 

The miRNA miR-185 found 

differentially expressed and 

inversely  correlated with TrkB-T1 

expression in the  PFC of suicide 

completers 

 

(Maussion et 

al., 2012) 

miR-185 

miR-195 

miR-30a 

miR-49 

DICER1 

NTRK2 

miRNA bio-synthesis (nucleic acid 

binding and hydrolase activity) 
PFC 

DICER1 expression level associated 

with 

SB in both MDD and BD samples; 

Polygenic profile scores negatively 

predicted SB in the BP sample for 

only 4 miRNA genes 

(Pulay and 

Rethelyi, 

2016) 

miR-19a-3p TNF-A 
mediating neuronal death in 

injured brain 
DLPFC 

Specifically upregulated in 

individuals who died by suicide 

compared to normal controls 

 

 

(Wang et al., 

2018a) 

miR-511 GFRA1 
neurotrophic factor GDNF 

signalling 
BLA 

miR-511 overexpression is 
associated with downregulated 

expression levels of GFRα1a 
receptor in depressed suicidal 

individuals  

(Maheu et 
al., 2015) 
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Long non-coding RNAs 

Global lncRNAs 
(differential lncRNA 
expression analysis) 

  ACC 
Identified 23 differentially 

expressed lncRNAs in depressed 
suicide individuals 

(Zhou et al., 
2018) 

LOC285758/ 
LINCO1268  

MARCKS 

Metabolism and Integration of 
energy metabolism (calmodulin 

binding and protein kinase C 
binding) 

DLPFC 

LOC285758 expression is 
significantly increased in violent 
suicides irrespective of MARCKS 
transcription levels but not the 

opposite 
 

(Punzi et al., 
2014)*§ 

   DLPFC 

expression of  LOC285758 was 
higher in the suicides by violent 
means group compared to both 

nonsuicides and suicides by 
nonviolent means 

(Punzi et al., 
2019) 

TCONS_00019174 
ENST00000566208 
NONHSAG045500 
ENST00000517573 
NONHSAT034045 
NONHSAT142707 

NA 
 

Protein complex biogenesis 
 

PMBCs 
Expression of 6 down-regulated 

lncRNAs had a negative association 
with suicide risk in MDD patients 

(Cui et al., 
2017) 

Abbreviations: PFC, Prefrontal cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe nucleus; PBMCs, peripheral blood 

mononuclear cells; MDD, major depressive disorder; BD, bipolar disorder. *Study used age matched cases and controls and/or included age as a co-variate 

in their analysis. § Study used gender matched cases and controls and/or included gender as a co-variate in their analysis. 
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Chapter 2 – Materials and Methods 
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This chapter describes the generic materials and methods used throughout my 

thesis in multiple chapters. An in-depth description of individual sample cohorts 

and methods used for each analysis performed is given in the respective 

empirical chapters. 

 

 

2.1 Human samples cohorts 

 

Cryopreserved post-mortem tissue from the Edinburgh Brain and Tissue Banks 

(EBTB) and the Brains for Dementia Research (BDR) brain bank were used to 

study epigenomic variation associated with cell type in the healthy brain. The 

cohort comprised of prefrontal cortex tissue from non-psychiatric controls. The 

collection of brain tissue for banking by the Douglas Bell Canada Brain Bank 

(DBCBB) was used to profile non-coding RNAs expression in the brain of suicide 

completers. The cohort included brain tissue from two cortical regions (BA11 and 

BA25) obtained from major depressive disorder (MDD) suicide completers and 

non-psychiatric sudden death controls. The use of these samples for the research 

presented in my thesis was approved by the University of Exeter Medical School 

Research Ethics Committee (reference number Apr14/C/041Δ1). Additionally, 

raw DNA methylation data generated in house from cerebellum tissue collected 

from two distinct psychiatric cohorts (full details provided in Chapter 3 of this 

thesis) were used to perform a genome-wide DNA methylation meta-analysis in 

the brains of suicide completers. Detailed information of each sample cohort 

specific to each study is given in the respective empirical chapters. 

 

2.2 Investigating methods to tackle the issue of cellular 

heterogeneity in molecular studies of whole brain homogenates 

The central nervous system (CNS) comprises complex cellular aggregates whose 

functional properties are dictated by the integration of multiple specialized cell 

types (Poulin et al., 2016). Due to the cellular heterogeneity of the brain tissue, a 

molecular description of each neural cell subtype is relatively difficult. 

Epigenetic reprogramming is a tissue‐ and cell‐type‐specific process. Therefore 

examining mixed populations of cell types compromises epigenetic data and 

biases their interpretation (Deal and Henikoff, 2010, Reinius et al., 2012). 

Furthermore, brain cells are not easily accessible from living individuals while 
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archived human tissue is widely available and easier to obtain. To overcome 

these obstacles, different cell isolation protocols have been established over the 

years for frozen tissue samples most of which however yield low amounts of 

material (e.g. laser capture microdissection) or are too expensive to be applicable 

for large scale studies (e.g. single-cell technologies). One of the most promising 

methods remains flow cytometry. 

In the following section I describe the basic principle and components of flow 

cytometry, the advantages of this approach as well as useful variation of the same 

application (e.g. FANS) to circumvent its intrinsic limitations. 

 

 

2.2.1 Fluorescence-Activated Cell Sorting (FACS)    
 

FACS is a specialized type of flow cytometry developed for detailed analysis of 

complex populations in a short period of time. It is a method for sorting 

heterogeneous mixture of fluorescent tagged cells one cell at a time, based on 

the specific fluorescent characteristics of each cell type (Maciorowski et al., 2017, 

Ibrahim and van den Engh, 2007). Its working depends on the light scattering 

features of the cells under investigation, which generally derives from dyes or 

monoclonal antibodies targeting either extracellular molecules located on the 

surface or intracellular molecules inside the cell (Adan et al., 2017). It is an 

efficient cell separation method that requires a single cell suspension for analysis 

and is performed by measuring multiple physical characteristics of a single cell 

such as size and granularity simultaneously as the cell flows in suspension 

through a measuring device (Rahmanian et al., 2017). While the fluid stream of 

cells/events passes through a laser beam, data corresponding to each cell/event 

are digitized and displayed in the form of graphs by the flow cytometer. The 

stream then breaks up into droplets, each containing a single cell/ event. The 

droplets, carrying the cells, are electronically charged and deflected, as a result 

of passage through an electric field, into separate collection tubes (Wilkerson, 

2012). The amount of applied charge affects the degree of deflection, and hence 

multiple populations of cells can be separated simultaneously through applying 

charges of various voltages. There are different sorting modes allowing for a 

trade-off between sorting rate, purity, recovery, and yield depending on the aim 

of study. 
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The BD FACSAria III flow cytometer is a high-speed fixed-alignment benchtop 

cell sorter. It enables multicolour analysis of up to 18 fluorescent and two scatter 

options at a time (BD, FACSAria III User Guide) and contains the major 

components for all three subsystems: fluidics, optics, and electronics. The fluidics 

system is responsible for directing liquid containing particles to the focused light 

source. The excitation optic focuses the light source on the cells/particles while 

collection optics transmits the light scatter (fluorescent light of the particle) to an 

electronic network. The electronic network detects and converts the signals to a 

digital data that is proportional to light intensity; the computer is required to 

analyse the data (Wilkerson, 2012, Adan et al., 2017). Figure 2.1 illustrates a 

schematic overview of the cell sorter used for the experiments performed in this 

thesis.   

 

 

Figure 2.1 BD FACSAria III flow cytometer. 
Figure showing the major components of the cytometer. Figure taken from (BD, 
FACSAria III User Guide). 

 
 
 
 

2.2.1.1 Flow rate setting 

When the fluidics system is activated, in the flow cell, pressurized sheath fluid 

surrounds the sample fluid to hydrodynamically focus the stream of suspended 

cells into the centre of the cuvette, where the particles are intercepted by the laser 

beam. The difference in pressure between the sheath fluid and the sample fluid 
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defines the diameter of the sample stream (see Figure 2.2). When the sample 

pressure is greater than the sheath fluid pressure, the cells align in a single file 

fashion through the laser beam. The injection rate of the cells into the laser beam 

can be manipulated by the flow cytometer based on the purpose of the analysis. 

The slow flow rate makes the size of the sample stream smaller while it increases 

the uniformity and accuracy of the illumination (Wilkerson, 2012, Adan et al., 

2017). A higher flow rate is generally used for qualitative measurements such as 

immunophenotyping- the data is less resolved but is acquired more quickly.                   

A lower flow rate is generally used in applications where greater resolution is 

critical (BD, FACSAria III User Guide). The precise definition of “low,” “medium” 

and “high” flow rate will depend on the instrument and its configuration 

(Cossarizza et al., 2019). When cells are sensitive to the pressure applied 

pushing with higher pressure and higher flow rate may result in decreased 

recovery (Martin et al., 2017) therefore sorting of brain tissue is generally 

performed at lower flow rates ≤ 1,000 events/second (Rayaprolu et al., 2020). 

Another critical parameter for providing proper interception between particles and 

the laser beam is to ensure that fluidics system is free of air bubbles and debris 

and properly pressurized at all times. 

 

 
Figure 2.2 Hydrodynamic Focusing.  
A lower difference in pressure between the sheath fluid and the sample fluid results in a 
relatively narrow core stream, while a higher difference results in a wider sample stream. 
Figure taken from (BD, FACSAria III User Guide). 
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2.2.1.2 Light scattering 

A system of lenses are used to shape and focus the laser beam. Meanwhile, the 

laser produces light by energizing electrons to high energy orbitals. Light is 

deflected around the edges of the cell/ particle after the laser strikes it (light 

scattering). The factors affecting total light scatter include the membrane, 

nucleus, granularity of the cell, cell shape and surface topography. Two types of 

light scatter occur and they are named as forward scatter (FSC) and side scatters 

(SSC) (Figure 2.3). FSC is proportional to cell-surface area or size and suitable 

for detecting particles greater than a given size. On the other hand, SSC is 

proportional to cell granularity or internal complexity as important as the 

fluorescent light derived from fluorescent-labelled antibodies or dyes. In order to 

differentiate the cell types in a heterogeneous population correlated 

measurements of FCS and SSC are commonly used (Reggeti and Bienzle, 2011, 

Givan, 2011). 

There is a variety of laser configurations in flow cytometers based on the type of 

fluorochromes being excited. The argon laser (excitation = 488 nm) is used to 

excite many synthetic dyes such as fluorescein isothiocyanate (FITC) resulting in 

the emission of light at a higher wavelength. Additional lasers used in most flow 

cytometers and sorters are the ultraviolet that excite UV (300–400 nm) sensitive 

fluorochromes or the red diode which excites fluorochromes of the far red (630 

nm) range (Adan et al., 2017, Ibrahim and van den Engh, 2007, Telford, 2018). 
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Figure 2.3 Light scattering.  
FSC is proportional to size while SSC is proportional to cell granularity or internal 
complexity. Figure taken from (Adan et al., 2017) 
 

 

 

2.2.1.3  Fluorochromes - FITC, PE, APC 

Cellular and intracellular antigens are usually stained with fluorescent probes 

called fluorochromes that are able to show the presence of components that 

otherwise would not be visible. Fluorescent probes are used in a wide range of 

applications such as identification of different cell populations, cell surface 

receptors or intracellular organelles, cell sorting, immunophenotyping.  

Each fluorochrome is characterized by an absorption spectrum at which a 

fluorescent compound can be excited and a range of emitted wavelengths 

(emission spectrum). The emission wavelength of any fluorochrome will always 

be longer than its excitation wavelength (Baumgarth and Roederer, 2000) 

(Figure 2.4). Since the colour of the exciting and emitting light is different, 

fluorochromes can be separated from one another by using optical filters. The 

total photons of light being absorbed by the fluorochrome are related to the 

wavelength of excitation. For example, FITC absorbs the light within the range of 

400–550 nm, however, it gives maximum absorbance near 490 nm at which more 

photons are absorbed. Therefore, the fluorescence emission will be more intense 

(Shapiro, 2004). 
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Figure 2.4 The absorption (green line) and emission (blue line) spectra of a fluorochrome.  
The difference between the peak wavelengths of the absorption and emission spectra is known as the Stokes shift. The higher the Stoke’s 
shift means the greater the separation between the exciting and the emitted light (top). Figure taken from (Adan et al., 2017).
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The most widely used fluorochromes for labelling antibodies include FITC, 

phycoerythrin (PE) and allophycocyanin (APC) (Hawley et al., 2017). The 

selection of the most suitable fluorochrome is an important issue and depends on 

the laser to be used. FITC (excitation/emission maxima approximately 495/ 520 

nm) is a good fluorochrome for single-color staining since its maximum 

absorbance is near 490 nm. On the other hand, its emission with longer 

wavelengths makes it inappropriate for multicolour applications. Moreover, its 

fluorescence is highly pH-sensitive and subjected to photobleaching with a high 

rate. For these reasons various FITC derivatives have been developed such as 

AlexaTM series allowing greater photostability and increased fluorescence (Adan 

et al., 2017). PE (excitation/emission maxima 495 565/578 nm) and APC 

(excitation/emission maxima 650/660 nm) are called phycobiliproteins, known 

components of photosynthetic systems. They have good light absorption and high 

fluorescence intensities. Cells labelled with phycobiliprotein antibodies have 

fluorescence intensities between five- and ten-fold greater than those labelled 

with FITC-labelled antibody. Although using an argon laser excites FITC and PE, 

the excitation of APC needs helium–neon laser due to its higher (650 nm) 

absorption maxima. The major drawback of using phycobiliproteins is related to 

their higher molecular weight, causing steric changes when conjugated to 

proteins. They can also give higher background stainings if the cells are not 

washed properly (Telford et al., 2015). 

The development of tandem dyes, containing two fluorochromes, has increased 

the number of labelled proteins available for use. Examples include conjugates 

of PE and APC with various cyanine dyes (e.g. PE-Cy5 and APC-Cy7) (Hulspas 

et al., 2009a). In tandem dyes, when the first dye is excited and reaches its 

maximal absorbance, it transfers all its energy to the second dye located in close 

proximity. As a result, this second fluorochrome is activated and produces the 

fluorescence emission (Leavesley et al., 2013). Lastly, there are also UV-excited 

dyes such as Hoechst and DAPI that bind to AT-rich regions of DNA and therefore 

they can be used to imply where nuclei sits within the sample. Although they are 

membrane permeable dyes, dead cells can uptake them more easily (Telford, 

2018). 
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Each fluorochrome has a wide emission spectrum resulting in some overlap 

between the fluorochromes when multiple ones are used. A good example of 

spectral overlap is given by FITC and PE. Their emission spectra are overlapped 

so that some of the light emitted by fluorescein will be pass through the filter used 

for PE. This spectral overlap is corrected by subtracting a fraction of the FITC 

signal from the PE signal or vice versa. This process is named as colour 

compensation, that also calculates how much interference (as a percent) a 

fluorochrome will have in a channel that was not assigned specifically to measure 

it (Roederer, 2001). In order to determine how much compensation should be 

applied to the dataset, some control readings must be performed first. Each of 

the two fluorochromes, should be read on itself and then the percent of its 

detectable total emission in the channel specific for the second fluorochrome 

should be determined (Tung et al., 2004). 

 

 

 

2.2.1.4  Sorting 

Electrostatic cell sorting is responsible for capturing and separation of the 

cells/nuclei with predefined features. The general principle of flow cell sorters is 

based on the electrostatic deflection of charged droplets, some of which contain 

cells/nuclei. In this method, the cells/nuclei are injected through a nozzle to form 

a stream of regular droplets by applying a vibration to the nozzle. Then, these 

droplets pass through one or more laser beams and are charged by a charging 

electrode at the same time. Droplets can be deflected from the mainstream based 

on their given charges. Positively charged droplets are deflected toward the 

negatively charged plate, negatively charged droplets are deflected toward the 

positively charged plate while uncharged droplets are collected into a waste 

container (Figure 2.5) (Maciorowski et al., 2017, Ibrahim and van den Engh, 

2007).  
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Figure 2.5 Schematic representation of sorting cells by droplet deflection.  
Figure taken from (Adan et al., 2017). 

 

 

2.2.1.5 Data analysis 
 

Flow cytometry data analysis is the most critical parameter for biological 

experiments and aims to selectively show the cells of interest and to find out more 

about them. This method is called ‘‘gating’’ in flow cytometry. A set of points 

carefully selected by the user determine an area on a graph also called region. 

Several regions can be defined on the same graph. These parameters allow to 

exclude unwanted results from sample components or particles (e.g. dead cells 

and debris). Additionally, a gate is a numerical or graphical boundary that can be 

used to define the characteristics of particles for further analysis or to define a 

subset of data to which restrict your analysis.  
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The different physical characteristics of cell types within a certain heterogeneous 

tissue sample (e.g. blood, brain) allow them to be distinguished from each other. 

A subset of data can be defined by gating methods. FSC and SSC plots are 

commonly used as reference for gating strategy and initial discrimination of 

detected events. Based on FSC or cell size, a gate can be set on the FSC versus 

SSC plot for the analysis of a specific cell type or sample component. The 

resulting display would reflect the fluorescence properties of only that cellular 

population (Adan et al., 2017). 

One method of data display are two parameter plots. These graphs display two 

measurement parameters, one on the x-axis and one on the y-axis and the cell 

count as a density (dot) plot or contour map. A dot plot provides a two-parameter 

display of data and each dot represents one or more events (particles) while 

density plot displays two parameters as a frequency distribution. The colour is 

used to code the different frequencies of events in density plot. In the contour plot 

the density of the cells is displayed as contour lines. A quadrant marker divides 

two-parameter plots into four sections to discriminate populations as negative, 

single positive or double positive. The upper-right quadrant of the plot indicates 

cells positive for both fluorescent marker (double positive). The lower-left 

quadrant displays events that are negative for both markers (double negative). 

The upper-left quadrant of the plot indicates cells only positive for the y-axis 

parameter. The lower-right quadrant contains events that are positive for the x-

axis marker but negative for the y-axis fluorescent marker. Figure 2.6 shows a 

representative example of data display using two parameter plots.  
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Figure 2.6. Example of data display using two parameter density plots. 

 Isolated human brain derived nuclei were labelled with two pre-conjugated antibodies (FITC- and PE-conjugated respectively) targeting 

two different antigens expressed by cell populations in a mutual exclusive manner. The immuno-labelled populations were analysed by flow 

cytometry. Events were gated on nuclei (green) (A-C). In the multichannel plot (F) the X-axis represents FITC-positive and the Y-axis 

represents PE-positive cells. Upper right quadrant shows FITC- and PE -double positive cells (cells expressing both antigens and therefore 

fluorescing in both channels). (D-E) The same data are displayed on single parameter density plots where the upper quadrant represents 

the cells positively stained for a given marker (FITC in D, PE in E) while the lower quadrant captures those cells which did not stain and 

therefore do not show an increase in the fluorescence signal intensity. 
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2.2.1.6 Applications of flow cytometry 

Flow cytometry is a widespread technique used to identify, analyse, and separate 

complex mixtures of cells in suspension. This method is not suited for analysis of 

anatomical distribution, since the tissue is homogenized to generate a single-cell 

suspension. However, it allows to work with viable cells and it can be combined 

with cell-sorting for physical isolation of cells, opening the way for several 

downstream applications, ranging from establishment of primary cultures derived 

from pure cell populations, to gene-expression analyses and biochemical or 

functional assays on well-defined cell subtypes (Molina Estevez et al., 2019, 

Baumgarth and Roederer, 2000, Sykora and Reschke, 2019, Legroux et al., 

2015). FACS takes advantage of the high throughput and multiplexing capabilities 

of flow cytometry to allow phenotypic characterization and quantification of 

different cell subtypes isolated from complex tissue based on expression of 

surface or intracellular antigens, but also functional measurements (e.g., rate of 

apoptosis, proliferation, cell cycle analysis, etc). Since specific antigens can be 

expressed on more than one cell type, immunophenotyping may require staining 

of a single cell type simultaneously with two or more antibodies. In general, the 

location of the antigen is what dictate the protocol and buffer system that will be 

used to get optimal staining of the protein of interest. FACS is especially useful 

when highly pure cells are desired (≥99% purity) and/or when the target cells are 

rare; in particular, this method has markedly improved the efficiency of isolation 

of rare cells (Johnson et al., 2007, Choudhery et al., 2013). FACS is also the 

preferable choice when dealing with a marker that exists at very low levels in the 

target cell or when two or more populations need to be purified based on the 

differential expression level of the same marker (Johnson et al., 2007, Basu et 

al., 2010).  

Brain tissue is comprised of exceedingly diverse cell populations, and flow 

cytometry methods have the potential to facilitate the study of individual cell types 

found throughout the brain matrix. FACS of brain tissue was first used to 

segregate a small population of rat neurons based on intracellular markers three 

decades ago (Paden et al., 1986). Since that report, however, flow cytometry in 

neuroscience has been largely unexploited likely due to difficulties in achieving 

single cell suspensions from brain tissue. In recent years, a number of reports 

have been published that demonstrate the power of flow cytometry applied to 
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brain tissue for analysing a variety of neuronal and non-neuronal brain cell 

populations (Lobo et al., 2006, Finegersh and Homanics, 2016, Saxena et al., 

2012, Krishnaswami et al., 2016). 

 

2.2.2 Fluorescence activated nuclei sorting (FANS)  

Although existing FACS methods for brain tissue are useful, they each differ in 

application and have certain limitations (Martin et al., 2017). They require cells 

genetically labelled with a fluorescent protein to achieve separation of specific 

populations (Lobo et al., 2006, Finegersh and Homanics, 2016, Saxena et al., 

2012), they are not applicable to previously fixed tissue (Krishnaswami et al., 

2016), or are not compatible with downstream mRNA analysis (Martin et al., 

2017). While acknowledging some exceptions where cell‐sorting has been used 

to recover specific neuronal or glial populations from brain tissue (Lobo et al., 

2006, Guez-Barber et al., 2012) this approach remain limited by the difficulty and 

time required to dissociate adult brain, as well as cells rarely arriving intact to the 

end of the procedure with the risk of biochemical reactions altering observed 

responses. A more promising approach is the direct purification of nuclei (Marion-

Poll et al., 2014). 

In the last decade several reports have clearly demonstrated robust differences 

in DNA methylation and histone modification patterns between neuronal and non- 

neuronal cell populations in human and rodent brains (Guintivano et al., 2013, 

Kozlenkov et al., 2014, Kozlenkov et al., 2017, Tulloch et al., 2018).These cell 

type-specific epigenetic landscapes might ultimately determine the selective 

vulnerability to neurodevelopmental or environmental insults that could culminate 

in psychiatric or neurological conditions. Glial cells have generally been 

overshadowed by research on neurons in many brain related phenotypes, also 

due to the lack of isolating methods and markers. However, a growing body of 

evidence highlights the importance of glia in brain development, function and 

disease processes (Aguzzi et al., 2013, Ahmed et al., 2017, Laskaris et al., 2016). 

Thus, in order to characterize cell type-specific epigenetic signatures in the non-

neuronal component of the brain I have implemented the existing NeuN-based 

FANS protocol to separate oligodendrocyte from other glial cells (predominantly 
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microglia and astrocytes).The need of working with nuclei samples is dictated by 

the difficulty in preserving cell structure when dissociating cryopreserved post-

mortem brain samples into a single-cell suspension. Evidences have shown that 

the nuclei component is more robust and remains intact even after harsh 

procedures (Siegmund et al., 2007, Kozlenkov et al., 2017, Kozlenkov et al., 

2014, Marion-Poll et al., 2014). Figure 2.7 shows an overview of the optimised 

pipeline while Appendix C contains the latest version of the protocol which is 

published online. 

 

Briefly, for each specimen, frozen dissected PFC tissue was ground in ice-cold 

lysis buffer (0.1% Triton, 0.32 M sucrose, 5 mM CaCl2, 3mM Mg(Ace)2, 10 mM 

Tris-HCl, 0.1 mM EDTA, 1mM DTT). The tissue homogenate was transferred in 

12 mL capacity ultracentrifuge tubes (≤1mL homogenate per tube), prefilled with 

8 mL of Sucrose Solution (1.8 M sucrose, 3mM Mg(Ace)2, 1mM DTT, 10mM Tris-

HCl) and overlaid with 1mL more of lysis buffer.  Samples were centrifuged for 

45 minutes at 108,670 x g. The supernatant was removed and pellets were 

resuspended in staining buffer (5% BSA, 10x PBS, ddH20) and incubated for 15 

minutes on ice (Blocking step to prevent unspecific staining). Pellets were 

centrifuged for 5 minutes at 0.8 x g (washing step), resuspended in ice-cold 

staining buffer and incubated simultaneously with the DNA dye Hoechst 33342 

(Abcam, Cambridge, UK)(1:500), Alexa488-conjugated anti-NeuN antibody 

(EMD Millipore, Billerica, MA, USA) (1:1000 dilution) and 

NorthernLights™NL577-conjugated anti-Sox10 antibody (R&D systems, 

Minneapolis, USA) (1:10) for 1.5 hours at 4ºC in the dark. All tubes were then 

centrifuged for 5 minutes at 0.8 x g (washing step), resuspended in ice-cold 

staining buffer and kept on ice while waiting to be processed. The samples were 

subjected to the FANS procedure using BD FACSAria III (BD Biosciences, US) 

(refer to Chapter 4 for details of method development). Finally, the sorted nuclear 

fractions were snap frozen and stored at −80◦C until DNA/RNA isolation. This 

protocol allows to routinely obtain well-separated NeuN+ve/Sox10+ve (neuronal 

enriched), NeuN−ve/Sox10+ve (oligodendrocytes enriched) and NeuN-

ve/Sox10−ve nuclear fractions. Based upon the current understanding of cellular 

composition of the human brain (von Bartheld et al., 2016, von Bartheld, 2018).  

The double negative (NeuN-ve/Sox10−ve) fraction is assumed to be a mixed 

population consisting of astrocytes and microglia as well as endothelial cells. It is 
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now thought that endothelial cells in the whole human brain make up about 25% 

of all non-neuronal cells, with the rest (75%) of non-neuronal cells being glial 

cells, thus generating a ratio of about 5:3:1 for neurons, glia and endothelial cells 

in the human brain (Bahney and von Bartheld, 2018). To prevent the inclusion of 

false positives, aggregates, nuclei of dividing cells, and debris were excluded 

from sorting by performing event identification (FSC-A vs SSC-A plot) and doublet 

discrimination (SSC-W vs SSC-A plot). Confirmation of the cell-type specificity for 

the obtained neuronal and non-neuronal nuclei preparations was achieved by 

quantifying the enrichment for well-established neuronal or glial-specific 

transcripts in RNA samples extracted from the sorted neuronal, oligodendrocyte 

and other glial populations respectively (see Chapter 4 section 4.3.6 and 4.4.3). 
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Figure 2.7 Fluorescence-activated nuclei sorting (FANS) protocol workflow. 

Shown is a schematic overview of the main steps involved in the implemented FANS protocol.
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2.3 Immunocytochemistry on human derived cell lines 

Human neuroblastoma SH-SY5Y and immortalized Human Microglia - SV40 cell 

lines were used to assess the specificity of staining for the nuclear antibodies 

adopted in the FANS protocol (refer to section 2.2 for details). Cells were seeded 

and cultured on glass coverslips by keeping them in 12-well plate. Refer to 

Appendix D for details about reagents used and solution’s recipes (solutions final 

concentrations provided). 

 

2.3.1   Fixing cells 

Performed prior to immunostaining, this step aims to preserve the cells in their 

current state as well as helping with the subsequent permeabilisation step. 

Without fixation, the intracellular structures would fall apart and diffuse away 

during the staining stage.  

Fixation was performed at a confluence suitable to perform immunofluorescence 

staining (30,000 cells per coverslip). The cell coated coverslips were treated with 

paraformaldehyde to form cross-linkers and fix the cells in their current state. All 

the fixation steps were performed in the fume hood. 

1. 4% PFA solution (5mL 40% PFA, with 45mL1x PBS) was freshly prepared  

2. Media was aspirated from cells with a pipette  

3. Cells were washed twice with 500 µL of 1x PBS  

4. 500 µL of 4% PFA were added per well and cells were incubated at room 

temperature (RT) for 20 minutes 

5. PFA solution was removed using a pipette and disposed in the waste bottle 

6. Cells were washed 3 times with 500 µL of 1x PBS  

At this stage cells can be stored in 500 µL of 1x PBS at 4˚C for 1 week if unable 

to continue 

 

2.3.2 Permeabilising 

Permeabilising buffer (PB) was made fresh each time. See Appendix D for 

recipe. 

1. Sufficient volume of PB was prepared according to the number of 

coverslips to be treated (0.2% Triton-X in 1x PBS/ well).  

2. The buffer in which coverslips were left (1x PBS) was aspirated off 

3.  500 µL of 0.2% Triton-X PBS was added in each well  
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Care was taken when adding the PB to each well. The volume was released to 

the side of the well, not directly on top of the coverslips to prevent washing away 

fixed cells. 

4. Cells were incubated at RT for 20 minutes  

5. Supernatant was aspirated from each well and cells were washed with 1x 

PBS three times (500µL, 30s each) 

 

2.3.3 Blocking 

Blocking buffer (BB) was made fresh each time. See Appendix D for recipe. 

1. 500µL of BB (1% BSA 0.1% Tween-20 PBS solution) was added to each 

well  

2. Cells were incubated for 1 hour at RT 

3. Supernatant was aspirated. No washes required after blocking step 

 

2.3.4    Immunostaining 

1. Primary antibody was added at the required dilution (see Chapter 4 for details 

and Appendix D for recipe) to the appropriate wells 

2. Cells were incubated overnight (or 2 hours incubation) in the dark at 4˚C.   

NOTE- More than one incubation time has been adopted for testing purposes.  

3. Cells were washed 3 times with 1x PBS (500µL per well, 10 minutes each). No 

further step are required when the antibody used is pre-conjugated. 

4. 500 µL of secondary antibody (1:400 dilution) was added into each well  

5. Cells were incubated for 1 hour at RT 

6. Secondary antibody was aspirated off  

7. Cells were washed 3 times with 1x PBS (500µL per well, 5 minutes each). 

8. DAPI staining was diluted 1:5000 (2 mL DAPI + 8 mL 1x PBS if 1:1000 stock) 

and kept in the dark for the entire usage 

9. 300 µL of DAPI staining were added in each well and incubated for 5 minutes 

10. Supernatant was removed from each well and disposed in a separated waste 

bottle for safety purposes (because of its intercalating nature, DAPI dye is 

disposed of with dangerous substances). 

11. Cells were washed 3 times with 1x PBS (500µL per well, 5 minutes each). 
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2.3.5 Mounting 

1. Microscope glass slides were cleaned with 70% ethanol prior usage 

2. Slides were appropriately labeled with relevant details about the mounted 

coverslips 

3. A small drop (8-10 µL) of Fluorsave mounting media (Dako Omnis, Cat No: 

GM30411-2) was added in the middle of each slide. Care was taken not to shake 

or invert bottle of mounting medium to prevent bubbles from forming. The media 

was then allowed to spread gradually to the edges of the coverslip. 

4. With the help of tweezers, coverslips were removed from the buffer and the 

excess solvent was blotted from the upper surface of the coverslip 

4. Coverslips were carefully mounted onto the microscope slide with the cells 

facing towards the mounting media avoiding to create bubbles when lowering 

them into place. 

5. Slides were stored in the dark to allow the media to dry completely before 

imaging. 

6. Once dry, the surface of the coverslip was gently wiped with a tiny bit of ethanol 

on a lint free cloth to remove any PBS crystallization 

7. The edges of each coverslip were sealed with clear nail varnish (optional, can 

be stored without sealing). 
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2.4 Genomic DNA isolation from sorted nuclei using phenol-

chloroform 

This section describes the isolation of genomic DNA from sorted nuclei 

suspensions derived from post-mortem human brain tissue. Figure 2.8 shows an 

overview of the experimental procedure. Not all aliquots of nuclei collected were 

extracted as one-two tubes (200,000 nuclei/tube) per each nuclei population 

yielded the amount of genomic DNA ideally required to run the EPIC Array (300-

500ng DNA in 20uL).  

 

 

Figure 2.8 Schematic overview of the genomic DNA extraction experimental 
procedure. 
 

 

Nuclei samples were defrosted on ice. 500uL of Slagboom buffer (SB) (5mL 10x 

STE buffer, 5mL 5% SDS, 40mL RNase-free DNase-free water) were added to 

each tube according to the number of nuclei collected by the FACS. Where nuclei 

were collected and stored in running buffer, the volume of 10x STE and 5% SDS 

to add to each sample was adjusted accordingly to keep the final concentration 

consistent. 1μl of DNase free RNase-A (10mg/ml) (Sigma Aldrich, UK) per 500ul 

SB was added and samples were incubated at 37⁰C for 45 minutes (heat block). 

5μl of proteinase K (20mg/ml) (Thermo Fisher Scientific, Waltham, MA, USA) was 
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added and samples were inverted at least 10 times. The samples were then 

transferred to a water bath at 65°C for 1 hour to deactivate the proteinase K, and 

then cooled to room temperature (RT) for 5 minutes. The samples were mixed by 

inverting the tubes ~10 times and centrifuged at 16,000 x g for 10 minutes. For 

each 500ul of SB initially used per sample 100 uL of “majiik mix” (a proprietary 

reagent made from 1:1 ratio yeast Reagent 3 (Autogen Bioclear, Wiltshire, UK) 

and 100% ethanol) was added (e.g. 200ul for 1 mL of SB). Majiik mix works as a 

substitute of the traditional phenol-chloroform mixture. The samples were mixed 

by vigorous inversions and centrifuged at 16,000 x g for 10 minutes at RT. For 

each sample the supernatant was carefully recovered and transferred to a new 

labelled tube (50ul was left at the bottom of each tube). Another 100ul of Majiik 

Mix were added to each tube and samples were first mixed by inverting ~10 times 

and then centrifuged at 16,000 x g for 10 minutes at RT. The supernatant of each 

sample was carefully recovered (making sure to leave 50ul at the bottom of the 

tube to prevent precipitates to be carried over) and transferred to a new 

appropriately labelled tube. Where exceeding 1mL total volume, supernatant was 

equally distributed into two new tubes.  

An equal volume of 100% Isopropanol (Sigma Aldrich, UK) was added to each 

sample (e.g. 1mL supernatant + 1mL 100% Isopropanol) and slowly mixed by 

inversion to precipitate the DNA. At this stage, 0.5-0.8 ul GlycoBlue™ Co-

precipitant (Invitrogen Ltd, Inchinnan, UK) was added to each sample. When a 

typical acetate/alcohol precipitation is done, the GlycoBlue™ Coprecipitant will 

precipitate with the nucleic acids, facilitating good DNA recovery while increasing 

the size and visibility of the pellet. Samples were then mixed by inverting the 

tubes ~10 times and centrifuged at 16,000 x g for 15 minutes at RT. For each 

tube the supernatant was carefully removed (care must be taken since the DNA 

pellet only weakly adheres to the side of the tube) and discarded.  

500µl of 80% ethanol were added to each tube, samples were then mixed gently 

and centrifuged at 16,000 x g for 5 minutes. The supernatant was carefully 

removed and the pellets were left to air dry for 20 minutes or until dry. Each DNA 

pellet was resuspended in 15 µl of RNAse, DNase free water and left at 4ºC 

overnight to fully dissolve before quantification. 

In order to determine the quality and quantity of the isolated gDNA samples: 

1. A visual check was performed to make sure the DNA was well re-suspended 

before undertaking any downstream applications. 
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2. 1μL of the DNA sample was also loaded onto a Spectrometer (NanoDrop 2000) 

(Thermo Fisher, US) to determine the concentration and further check the quality 

of the DNA by assessing 260/280 and 230/280 ratios (above 1.8 and ~2 

respectively for pure DNA). 

3. A 0.9 % agarose gel was run for each sample to check for high molecular 

weight, not degraded DNA (see section 2.4.1 for details). 

 

 

2.4.1 Agarose gel electrophoresis 

The visualisation of DNA via gel electrophoresis was needed at various quality 

control stages in each empirical chapter: for checking the efficiency of BS 

conversion in empirical Chapter 3 and 5 while in Chapter 4 and 5 for checking 

the quality of the DNA extracted from FACS -sorted brain derived nuclei as 

described in Section 2.4. 

Agarose gel electrophoresis enables the separation of DNA molecules based on 

their size. It is a three-dimensional matrix containing pores through which 

molecules can pass. The concentration of agarose influences the size of the 

pores in the matrix; therefore the concentration of agarose selected is dependent 

on the size of molecule to be separated. The gel is obtained by melting agarose 

powder (Sigma Aldrich, UK, Cat No. A9539) at a concentration ranging from 0.8 

to 2%, in 1% tris-borate EDTA (TBE) buffer (Fisher Scientific, UK, Cat No 

10031223). A small amount (10uL per 100 mL gel) of the Syto60 red Fluorescent 

(Fisher Scientific, UK, Cat No. 10194852) or ethidium bromide (Sigma Aldrich, 

UK) (0.5uL per 100ml gel) was added ubiquitously to the gel before cooling to 

allow DNA fragments to be observed after separation. The fluorescent Syto60/ 

ethidium bromide both intercalate into the DNA structure allowing it to be 

visualised after laser exposure. For example, the UV light is absorbed by the 

ethidium bromide and re-emitted as visible light (ethidium bromide, Excitation ⁄ 

Emission: 470/590 nm). 

Once cooled, DNA samples were added to the gel matrix, an electrical charge 

was applied across it, causing the negatively charged DNA to migrate towards 

the positive anode, at a speed determined by the DNA fragment size. Smaller 

molecules move through the matrix faster, and therefore move further through 

the gel in the allocated time. In this thesis, 1 .2% agarose gel was used for the 
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inspection of DNA extraction quality together with 1kb DNA Ladder (Thirteen 

Blunt-Ended Fragments of 250–10,000bp remixed with loading buffer) a 

convenient marker for determining the size of double-stranded DNA from 250 to 

10,000 base pairs. On ethidium bromide-stained agarose gels, the 1,000 and 

3,000 bp fragments have increased intensity relative to the other bands and serve 

as reference indicators. All fragments are blunt-ended. Figure 2.9 shows an 

example of agarose gel used to inspect quality and integrity of four nuclei-derived 

gDNA samples. 

 

 

Figure 2.9 Example of an agarose gel used to inspect genomic DNA integrity. 

A) Genomic DNA 1Kb ladder; containing 13 linear double-stranded DNA fragments it is 

commonly used as reference in DNA electrophoresis for size determination of double-

stranded DNA from 250 bp to 10,000 bp. B) gel run example of four  gDNA samples 

derived from four different nuclei fractions (1, NeuN+ve/Sox10+ve; 2, NeuN-

ve/Sox10+ve; 3, NeuN-ve/Sox10-ve; 4, Total nuclei) purified from the same bulk brain 

sample. L, 1Kb ladder, W, water (negative control). 
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2.5 RNA extraction from FACS-sorted nuclei 

In order to extract nuclear RNA from the nuclei aliquots collected through FACS 

sorting, I used the Direct-zol RNA MicroPrep Kit (Zymo Research, Irvine, CA) 

which provides a streamlined method for the purification of high-quality RNA. No 

phase separation, precipitation, or post-purification steps are necessary (Zymo 

Research, Direct-zol™ RNA Microprep User Guide). The eluted RNA is suitable 

for subsequent molecular manipulation and analysis (including RT-PCR, 

transcription profiling) (See Figure 2.10).  

 

 

 

Figure 2.10 Direct-zol RNA MicroPrep Kit Workflow. 
Streamlined method for the purification of high-quality RNA directly from samples in TRI 
Reagent® or similar. Total RNA, including small RNAs (17-200 nt), is effectively isolated 
from FACS-sorted brain derived nuclei. Figure taken from (Zymo Research, Direct-zol™ 
RNA Microprep User Guide).  
 

 

 

The following guidelines are provided for processing various sample types stored 

and preserved in TRI Reagent®, TRIzol® or similar acid-guanidinium-phenol 

reagents. TRIzol Reagents inhibit RNase activity and inactivate viruses and other 

infectious agents, for these reasons it has been adopted as collecting buffer for 

our purified nuclei rather than a pH neutral salty solution (e.g. 1x PBS). RNA yield 

can vary with sample types, organism, quality and treatment of the starting 

material. Complete lysis and homogenization of the samples is also crucial to 

ensure to the best recovery. 

This protocol consists of three parts: (I) Buffer Preparation (II) Sample 

Preparation and (III) RNA Purification. 
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       2.5.1 Buffer Preparation 

 Add 40 ml ethanol (100%) (Sigma Aldrich, UK) to the 160 ml Direct-zol™ 

RNA PreWash concentrate. 

 Add 48 ml 100% ethanol to the 12 ml RNA Wash Buffer concentrate 

 

 

2.5.2 RNA Purification 

Perform all steps at RT and centrifugation at 14,000 x g for 30 seconds. 

1. Add an equal volume of ethanol (100%) to a sample lysed in TRI Reagent® 

(Thermo Fisher Scientific, UK) or similar (TRIzol®, RNAzol® , QIAzol®,TriPure™ 

and all other acid-guanidinium-phenol reagents) and mix thoroughly. 

2. Transfer the mixture into a Zymo-Spin™ IC Column in a collection tube and 

centrifuge. Transfer the column into a new collection tube and discard the flow-

through. 

NOTE-To process samples >700 uL, reload the column and repeat Step 2. 

 

DNase I treatment (in-column).  

Prior to use, reconstitute the lyophilized DNase I as indicated on the vial. Store 

frozen aliquots. 

(D1) Add 400 µl RNA Wash Buffer to the column and centrifuge.  

(D2) In an RNase-free tube, add 5 µl DNase I (6 U/µl), 35 µl DNA Digestion Buffer 

and mix by gentle inversion. Add the mix directly to the column matrix.  

(D3) Incubate at room temperature (20-30°C) for 15 minutes. Proceed to step 3. 

3. Add 400 µl Direct-zol™ RNA PreWash to the column and centrifuge. Discard 

the flow-through and repeat this step. 

4. Add 700 µl RNA Wash Buffer to the column and centrifuge for 2 minutes to 

ensure complete removal of the wash buffer. Transfer the column carefully into 

an RNase-free tube. 

5. To elute RNA, add 15 µl of DNase/RNase-Free Water directly to the column 

matrix and centrifuge. Alternatively, for highly concentrated RNA use ≥6μL 

elution. RNA samples can be used immediately or stored frozen at ≤-80°C. 
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2.6 cDNA synthesis from sorted nuclei derived nuclear RNA 

Nuclear RNA from post-mortem brain tissue was reverse transcribed into 

complementary DNA (cDNA) using the Thermo Scientific Maxima Reverse 

Transcriptase (200U/1uL) (Thermo Scientific, UK). The enzyme possesses an 

RNA and DNA-dependent polymerase activity as well as RNase H activity 

(enhancing the melting of RNA-DNA duplex during the first cycles of PCR) which 

make it ideal for first strand cDNA synthesis for RT-PCR and RT-qPCR 

applications. The protocol was carried following manufacturer’s instructions with 

some amendments in terms of reagents used and thermocycler settings. 

Pentadecamers (5’-NNN NNN NNN NNN NNN-3’) (Integrated DNA 

Technologies, Leuven, Belgium) instead of random hexamers were used as 

primers. A number of reports (Stangegaard et al., 2006, Ross et al., 2008, Nardon 

et al., 2009) have shown an increased efficiency of priming and better coverage 

of the transcriptome when using pentadecamers (15-nucleotide-long random 

oligonucleotides) instead of random hexamers. Using the same amount of 

messenger RNA as starting material combined with random pentadecamer 

primers result in higher cDNA yield (at least 2-fold as much cDNA) and quality 

(Stangegaard et al., 2006). 

 

      2.6.1 Reaction setup 

1μL Maxima Reverse Transcriptase (200U), 12μL nuclear RNA, 1μL 

pentadecamer primers, 1uL of dNTP mix (10 mM of each nucleotide), 4uL of 5x 

RT buffer and 1μL of nuclease-free water were combined for a 20uL total volume 

reaction per sample. The following temperature settings was used: 25°C for 10 

minutes followed by 42°C for 1 hour, the reaction was terminated by heating at 

85°C for 5 minutes ( duration: 1 hour 15 minutes). 
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2.7 Quantitative PCR (qPCR) from sorted nuclei derived nuclear RNA 

qPCR is a routinely used method for the detection and quantitation of gene 

expression in real time, it is a sensitive technique which uses specific probes to 

detect target sequences in the genome. Moreover, this technique is performed 

on an automated machine without the need of post PCR procedures, thus 

minimizing cross contamination between samples and simultaneously 

accelerating the analysis (Irshad et al., 2016). In Chapter 4, qPCR was used to 

examine expression levels of cell-type specific markers across different brain-

derived nuclei populations. This step was performed as a quality control and 

validation step of the FANS procedure in order to verify the purity and enrichment 

of our nuclei fractions. Primers for three different markers were designed in house 

using the Primer3Plus software (Primer3Plus): two neuronal specific-markers 

(NEUN, ENO2), one glial-specific marker (GFAP) and 2 housekeeping genes 

(GAPDH and POLR2A) (Table 2.1). Primers were designed to be exon-exon 

junction spanning. This design reduces the risk of false positives from 

amplification of any contaminating genomic DNA, since the intron-containing 

genomic DNA sequence would not be amplified. It therefore bypasses the need 

for DNAse treatment preventing potential damage of the RNA samples. The 

comparative Quantitation Ct (ΔΔCt) method was applied to analyse relative gene 

expression levels. 

 

Table 2.1 Cell type specific qPCR primers sequences and specifications. 

 

 

Target 

name 
Primer Sequences (5’ to 3’) Position 

Length 

(bp) 

TM 

(°C) 

GC content 

(%) 

NeuN / 

RBFOX3 

ACGTCTCCAACATCCCCTTC F 20 56.8 55.0 

CCCCGCTCGTTAAAAATG R 18 51.6 50.0 

ENO2 
TCACTGAAGCCATCCAAGC F 19 55.3 52.6 

GGAAGTTATGTCCGGCAAAG R 20 53.8 50.0 

GFAP 
CTGCGGCTCGATCAACTCA F 19 57.6 57.9 

TCCAGCGACTCAATCTTCCTC R 21 56.5 52.4 

GAPDH 
ACCACAGTCCATGCCATCAC F 20 57.7 55.0 

TCCACCACCCTGTTGCTGTA R 20 58.6 55.0 

hPOLR2A 
CCATCAAGAGAGTCCAGTTCG F 21 55 52.4 

ACCCTCCGTCACAGACATTC R 20 56.8 55.0 
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           2.7.1 Reaction setup 

For a 20 uL reaction volume, 4μL 5x HOT FIREPol® EvaGreen® qPCR Mix Plus 

(SolisBiodyne, Cat No: 08-24-00008), 3μL undiluted cDNA, 2μL forward and 

reverse primer sequences mix (2uM) (Table 2.2) and 11μL of H2O were 

combined per sample replicate in 96 well plates. For each primer sets tested 

samples were loaded in duplicate and a non-template control (NTC) was also 

included as negative control. 

 

Reagent Function 
Reagent 

Concentration 
Volume 

(µL) 

5x HOT 
FIREPol® 

EvaGreen® 
 qPCR Mix 

Complete master mix 
containing MgCl2, dNTPs, 
EvaGreen® dye, ROX dye 

and HOT FIREPol® 
 DNA Polymerase 

5x 4 

PCR Primers 

Short, single-stranded 
oligonucleotides 

complementary to 
target sequence 

2 µM 2 

cDNA template nuclear RNA-derived cDNA  unknown 2 

Ultra-pure 
water 

Diluent ensures consistent 
reaction volume 

Up to 20µL 12 

Table 2.2 Sorted nuclei qPCR reagents and volumes. 
 
 
 

           2.7.2 StepOnePlus™ Instrument setup 

The following qPCR programme was used: 95°C for 15 minutes, 45 cycles of: 

95°C for 20 seconds, 60°C for 40 seconds, 72°C for 45 seconds followed by 95°C 

for 15 seconds (melt curve stage- step and hold). The dissociation stage was set 

at 60°C for 1 minute. Standard run mode (~2h to complete a run) was used to run 

each plate. 
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2.8 TaqMan low-density array (TLDA)  

As further validation of the robustness and efficiency of the methodology 

developed, quantitative RT-PCR was performed in duplicate using the 

QuantStudio 12 K Flex (Applied Biosystems, CA, USA) in conjunction with the 

TaqMan low-density array (TLDA) platform (Life Technologies, Carlsbad, CA). 

TLDA is a microfluidic-technology format which provides a useful platform for 

multiple gene expression analyses and is based on singleplex qPCR assays that 

can be combined with various detection systems, including mass spectroscopy, 

bead sorting, dye-labelled probes, and microarray technology (Briese et al., 2005, 

Dominguez et al., 2008, Kodani et al., 2011). By using “off-the-shelf” pre-

optimized assays I targeted (i) genes expressed in the major brain cell types to 

determine cell population specificity (ENO2 for neurons, OLIG2 for 

oligodendrocytes, GFAP for astrocytes, CD68 for microglia, and CD34 for 

endothelial cells), and (ii) five housekeeping genes (ACTB, EIF4A2, GAPDH, 

SF3A1, and UBC) identified as being the most stably expressed in the brain by 

two previous studies (Lunnon et al., 2014, Marzi et al., 2018). A full list of qPCR 

assays used is given in Table 2.3 (from Supplementary Table 21(Marzi et al., 

2018)).   

 

Gene Symbol Gene Name TaqMan Assay ID 

ACTB actin beta Hs99999903_m1 

EIF4A2 eukaryotic translation initiation factor 4A2 Hs00756996_g1 

GAPDH glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1 

SF3A1 splicing factor 3a subunit 1 Hs01066327_m1 

UBC 
ubiquitin C Hs00824723_m1 

OLIG2 oligodendrocyte lineage transcription factor 2 Hs00377820_m1 

ENO2 enolase 2 Hs00157360_m1 

CD68 CD68 molecule Hs00154355_m1 

CD34 CD34 molecule Hs02576480_m1 

GFAP glial fibrillary acidic protein Hs00909233_m1 

Table 2.3 Pre-optimized TaqMan assays for targeted gene expression analysis. 
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          2.8.1 Sample prep and TaqMan Array Card filling 

Each sample mix should contain 30 to 1000 ng (0.3 to 10 ng/μL) of total RNA 

converted to cDNA. The recommended amount of cDNA to add depends upon 

the expression level of the target genes of interest. In this specific case, the RNA 

input used for the amplification (PCR) reactions ranged between 100 ng 

(minimum) to 300 ng (optimal) per sample purely due to limited sample 

availability. 

TaqMan® Universal PCR Master Mix (Applied Biosystems, Cheshire, UK) was 

used to prepare the reaction mix. For each sample, the total number of reservoirs 

to be filled was determined based on the format of the customized TaqMan Array 

card. The volume required for each reaction component was calculated as per 

manufacturer’s instructions (total volume per reaction: 100uL). 

Up to eight RNA samples can be run on each card (sorted nuclei fractions from 2 

individuals) (see Figure 2.11A). Each sample was run in duplicate. 

 

 

 
Figure 2.11 TaqMan® Array Micro Fluidic Card design.  

A) Fill strip structure; each card provide spaces to fit in eight samples in duplicate. B) 

The fill port is located on the left arm of each fill reservoir; it is the larger of the two holes. 

Figure adapted from (TaqMan Array Micro Fluidic Cards User Guide). 
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Below is a brief description of the protocol used: 

1. Frozen cDNA samples were thawed on ice and re-suspended by inverting the 

tubes, then gently vortexed. Master mix was mixed thoroughly by swirling the 

bottle. 

2. The total volume required for each reaction component was calculated per the 

table below (Table 2.4): volume for one fill reservoir × the total number of fill 

reservoirs per sample. 10% excess volume was included in the calculations to 

compensate for the loss that occurs during pipetting. 

 

 

Reaction Component Volume (µL) for 1 Fill Reservoir 

Diluted cDNA sample 50.0 

TaqMan® Universal PCR Master Mix 50.0 

Total Volume 100.0 

Table 2.4 Sample prep for TaqMan Array Card - volume required for each reaction 
component. 

 

 

3. For each sample, a 1.5-mL microcentrifuge tube was labelled, and the required 

components were added to the labelled tubes. 

4. Once secured, tubes were gently vortexed to thoroughly mix the solution. 

5. Tubes were then briefly centrifuged to spin down the contents and eliminate 

air bubbles. 

6. The TaqMan Array card was thawed allowing it to reach RT (15 minutes 

minimum time required), then carefully removed from its packaging. Since 

prolonged exposure to indoor lighting can photo-degrade the fluorescent probes 

contained within the card the TaqMan Array card was kept on a lab bench, with 

the foil side down. 

7. In order to fill the card, the micropipette tip was placed in the fill port (see Figure 

10B for reference) and by holding the micropipette in an angled position, each fill 

reservoir was filled with sample-specific PCR mix made from a single cDNA 

sample (100 μL per fill reservoir ensure adequate filling. Volumes smaller than 

100 μL may result in insufficiently filled cards). Care must be taken when pushing 

the micropipette plunger to expel the sample reaction mix from the tip. If a large 
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amount of air is released, it can push the reaction mix out of the fill reservoir or 

introduce bubbles into the fill reservoir. 

8. The TaqMan Array card was centrifuged briefly to distribute the reaction mix to 

the reaction wells using a Sorvall® or Heraeus centrifuge (buckets and card 

holders are custom made for the TaqMan Array cards).  The TaqMan Array card 

was then inserted into the card holder and the centrifuge was set as per 

manufacturer’s instructions (see TaqMan Array Micro Fluidic Cards User Guide 

for details). 

9. The TaqMan Array Card was sealed using a slow, steady, and deliberate 

motion of the sealer provided (see TaqMan Array Micro Fluidic Cards User Guide 

for details). 

10. Using scissors, the fill strip was trimmed from the TaqMan Array card which 

was then placed in the instrument tray. 

 

 

2.8.2 Run setup and data analysis 

See ‘Run the TaqMan® Array Micro Fluidic Card’ section of user manual for 

instructions on how to set a run through the SDS software. PCR cycling conditions 

were 50 °C for 2 minutes, 94.5 °C for 10 minutes, and 45 cycles of 97 °C for 15 

seconds and 60 °C for 1 minute. Stringent QC of raw qPCR data was undertaken, 

removing samples where there was high variability between duplicates (Ct > 0.5). 

The abundance of each test gene expressed was determined by the comparative 

Ct method (Pfaffl, 2001), relative to the geometric mean of the five housekeeping 

genes quantified in parallel. Data were log2-transformed to ensure normal 

distribution and presented as a fold-difference in expression. 
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2.9 DNA methylation profiling  

Methods to profile DNA methylation have undergone significant improvements in 

the last decade due to the development of array- and sequencing-based 

technologies that have allowed the efficient quantification of DNA methylation at 

individual sites across the genome (Yong et al., 2016). The procedure adopted in 

this thesis uses the Illumina EPIC DNA methylation (Illumina Inc), which 

interrogates >850,000 DNA methylation sites across the genome (Moran et al., 

2016). 

 

          2.9.1 Sodium bisulfite conversion  

Many technologies have been developed to measure modifications in methylation 

with respect to biological processes, and the most common method, long 

considered a gold standard for identifying regions of methylation at a base-pair 

level sensitivity, is sodium bisulfite conversion (Leti et al., 2018). In this technique, 

genomic DNA is treated with sodium bisulfite, which reacts differently with 

unmethylated versus methylated cytosine, allowing therefore to quantify DNA 

methylation (Fouse et al., 2010). Sodium bisulfite promotes the conversion of 

unmethylated cytosine (C) to uracil (U), which is then replaced by thymine (T) by 

polymerase chain reaction (PCR) amplification (Figure 2.12). Methylated 

cytosines are unaffected by the bisulfite conversion, therefore remaining as 

cytosine in the DNA sequence after the bisulfite treatment reaction (Fouse et al., 

2010, Yong et al., 2016). 

Subsequent sequencing of the PCR clones derived from a single genomic DNA 

fragment allows to distinguish methylated cytosines, which are displayed as 

thymines in the resulting amplified sequence of the sense strand from 5-

methylcytosines, which are displayed as cytosines in the resulting amplified 

sequence of the sense strand, at the single nucleotide level (Leti et al., 2018). 

Bisulfite sequencing comes, however, with its challenges, particularly for studies 

in mammals: 1) repetitive elements (or repeated sequences), which occur in 

multiple copies throughout the genome and are usually highly methylated, make 

the alignment of short-read sequencing reads difficult; 2) the conversion of 

unmethylated cytosine to uracil/thymidine reduces genomic complexity to three 

bases in unmethylated regions, further complicating the alignment of sequencing 

reads; and 3) the costs associated with sequencing large genomes are relatively 
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high, making large studies unfeasible (Fouse et al., 2010). Another limitation of 

any method based on sodium bisulfte conversion is the inability to distinguish 

between 5-methycytosine (5mC, ‘true methylation’) and other DNA modifications 

such as 5hmC which is particularly enriched in the central nervous system (Lister 

et al., 2013). Lastly, bisulfite conversion causes DNA fragmentation, resulting in 

small sequences, typically smaller than 500 nucleotides (Tanaka and Okamoto, 

2007). This is a result of the aggressive reaction condition of this conversion: pH 

5 and temperatures up to 90°C (Holmes et al., 2014). Consequently, the analysis 

of the methylation of large CpG-islands is hampered (Ehrich et al., 2007). The 

treatment also causes DNA loss during clean-up with low recovery of bisulfite-

converted DNA (Yi et al., 2017) which makes it unsuitable when several loci are 

to be interrogated (Mill and Petronis, 2009).  

In the following section, the protocol used to perform sodium bisulfite conversion 

is described followed by the methods utilised to profile and analyse DNA 

methylation data in Chapter 3, 4 and 5 of this thesis. 
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Figure 2.12. Sodium bisulfite treatment of genomic DNA. 

(A)The procedure is based on the chemical reaction of single-stranded DNA with sodium bisulfite (HSO3−) at low pH and high temperatures. 

The chemistry of each reaction step is as follows: sulfonation at the carbon-6 position of cytosine, irreversible hydrolytic deamination at the 

carbon-4 position to generate uracil sulfonate, and, finally, subsequent desulfonation under alkaline conditions to generate uracil. 

Methylation at the carbon-5 position impedes sulfonation at the carbon-6 position in the first reaction step. Although 5-methylcytosine can 

react with bisulfite, this reaction is extremely slow, and the equilibrium favors 5-methylcytosine rather than thymine (the deaminated product 

of 5-methylcytosine). Of note is that subsequent purification is necessary to remove bisulfite salts and other chemicals used in the procedure. 

(B)The sodium bisulfite treatment converts unmethylated cytosines of the original DNA sequence to uracil, whereas methylated cytosines 

remain as cytosine. The CpG dinucleotide is the methylation target in human cells (bold). (Figure and legend taken from (Kristensen and 

Hansen, 2009).
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Genomic human DNA was treated with sodium bisulfite using the EZ DNA 

Methylation-Gold Kit (Cambridge Bioscience, cat no.: D5007) which ideally 

requires 500ng high quality DNA in 20μL volume to provide sufficient BS-treated 

material for the profiling of cytosine modification using bead arrays or 

pyrosequencing. Figure 2.13 shows an overview of the experimental procedure. 

The method below is an adaptation of the sodium BS treatment method developed 

by the manufacturer. Steps 14-17 deviate from the original protocol which is 

available from (EZ-96 DNA Methylation-Gold™ Kit Manual).  

 

 

 

Figure 2.13 Outline of the EZ DNA Methylation-Gold™ Kit procedure. 
Purified DNA is added directly to the CT-conversion reagent. Denaturation and bisulfite 
conversion are completed in a single-tube reaction. After desulphonation and purification 
in a spin-column, the purified bisulfite-converted DNA is ready for PCR. (Figure adapted 
from (EZ-96 DNA Methylation-Gold™ Kit Manual). 

 

 

 



111 
 

1. 500ng (25ng/μL in 20μL) of DNA was added to each well of a 96 well PCR 

plate 

2. 130μL of the CT conversion reagent (Table 2.5) was added to each DNA 

sample in the conversion plate and mixed by pipetting 

3. The plate was sealed with the provided film and transferred to a thermal cycler 

with the following steps performed: 

a. 98°C for 10 minutes 

b. 64°C for 2.5 hours 

c. 4°C storage for up to 20 hours 

4. 400μL of M-Binding buffer was added to the wells of a Silicon-ATM binding 

plate mounted on a collection plate 

5. The samples were transferred from the conversion plate (Step 2) to the 

corresponding wells of the Silicon-A™ binding plate (Step 3) and mixed by 

pipetting 

6. The plate was centrifuged at 3,500 x g for 5 minutes then the flow-through was 

discarded 

7. 400μL of M-Wash buffer (Table 2.6) was added to each well of the plate 

8. The samples were centrifuged at 3,500 x g for 5 minutes 

9. 200μL of M-Desulphonation buffer was added to each well and the plate was 

left to stand at room temperature (20-30°C) for 20 minutes 

10. The plate was centrifuged at 3,500 x g for 5 minutes then the flow-through 

was discarded 

11. 400μL of M-Wash buffer (Table 2.6) was added to each well of the plate 

12. The plate was centrifuged at 3,500 x g for 5 minutes then the flow-through 

was discarded 

13. 400μL of M-Wash buffer (Table 2.6) was added and centrifuged for 10 

minutes 

14. The Silicon-A™ binding plate was placed onto an elution plate 

15. 15μL of M-Elution buffer was added directly to each well of the Silicon-A™ 

binding plate. 

16. The plate was incubated for 5 minutes at RT 

17. The plate was then centrifuged at 4,000 x g for 3 minutes to elute the DNA 

18. Steps 15 to 17 were repeated 
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The eluted DNA was ready for immediate analysis or was stored at or below -

20°C for later use in methylomic profiling. For long term storage, BS treated DNA 

was stored at -80°C. 

 

BS conversion quality was assessed using BS-specific PCR amplification 

(Section 2.10) followed by gel electrophoresis (see Section 2.4.1). A single visible 

PCR band was taken as an indication of suitable BS conversion efficiency. 

 

Reagent Volume (mL) Supplier 

M-Dissolving Buffer 0.5 Zymo 

M-Dilution Buffer 3 Zymo 

CT Conversion Reagent Bottle provided Zymo 

Ultra-pure H2O 9 User 

Table 2.5 CT Conversion Reagent required for BS conversion. 
Using the Zymo EZ-96 DNA Methylation-GoldTM Kit (Cat No. D5007). The CT 
conversion reagent is supplied as a powder and must be dissolved prior to use and mixed 
at room temperature with frequent vortexing or shaking for 15 minutes. 
 

 

Reagent Volume (mL) Supplier 

M-Wash Buffer 36 Zymo 

100% Ethanol 144 User 

Table 2.6 Reagents required for the M-Wash Buffer for BS conversion.  

 

 

          2.9.2 Infinium Methylation EPIC array 

The Illumina arrays have become one of the most popular methodologies to 

assess genome wide DNA methylation in mental illness and psychiatric conditions 

in recent years (Lunnon et al., 2014, Watson et al., 2016, Crawford et al., 2018, 

Murphy et al., 2017, Viana et al., 2017, Hannon et al., 2016) and as such it was 

selected for the EWAS presented in Chapter 5 of this thesis. 

Following sodium bisulfite conversion, the DNA samples included in this thesis 

were profiled using the Infinium Methylation EPIC array (EPIC array) and scanned 

on an iScan Microarray Scanner (Illumina, San Diego, CA, USA) according to the 

manufacturer’s instructions.  
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The EPIC array, which is the updated version of the HumanMethylation450 

BeadChip gives single-base methylation information for over 850,000 CpGs 

throughout the human genome. It contains more than 90% of the original Illumina 

HumanMethylation450K BeadChip (450K array) content but also provides 

unparalleled coverage of CpGs sites (outside of CpG islands), Non-CpG 

methylated sites identified in human stem cells (CHH sites),  Reference Sequence 

database (RefSeq) genes, ENCODE open chromatin and FANTOM5 enhancers, 

DNase hypersensitive sites and miRNA promoter regions (Pidsley et al., 2016).  

The array uses two different types of chemistry to interrogate a single CpG locus, 

termed Infinium I and Infinium II probes. Infinium I has two probe types per CpG 

site with the same dye colour, one for the methylated (M) and the other for the 

unmethylated (U) state. The type I probe design assumes that the methylation 

status of CpG sites within 50bp are correlated with the target CpG (Infnium® HD 

Assay Methylation Protocol Guide).This could be a source of bias when CpGs 

underlying the probe are not co-methylated with the target site. The Infinium II 

probes use a single probe type with the 5mC state determined by a single base 

extension step after hybridisation by two different coloured dyes (green for 

methylated/modified sites and red for unmethylated/unmodified sites). This design 

includes the addition of a degenerate R [A/G] base at underlying CpG sites, and 

therefore is less influenced by nearby co-methylation patterns. Allele-specific 

single base extension of the probes incorporate a biotin nucleotide or a 

dinitrophenyl labelled nucleotide. Signal amplification of the incorporated label 

further improves the overall signal-to-noise ratio of the assay. A full description of 

this methodology, used in Chapter 3, 4 and 5, can be found on the Illumina 

website (Infinium MethylationEPIC Kit). Figure 2.14 provides a detailed overview 

of the Infinium methylation probes design and its chemistry.
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Figure 2.14  Illumina Infinium methylation probe design. 

(a) Infinium I assay. Each individual CpG is interrogated using two bead types: methylated 

(M) and unmethylated (U). Both bead types will incorporate the same labeled nucleotide 

for the same target CpG, thereby producing the same color fluorescence. The nucleotide 

that is added is determined by the base downstream of the ‘C’ of the target CpG. The 

proportion of methylation can be calculated by comparing the intensities from the two 

different probes in the same color. (b) Infinium II assay. Each target CpG is interrogated 

using a single bead type. Methylation state is detected by single base extension at the 

position of the ‘C’ of the target CpG, which always results in the addition of a labeled ‘G’ 

or ‘A’ nucleotide, complementary to either the ‘methylated’ C or ‘unmethylated’ T, 

respectively. Each locus is detected in two colors, and methylation status is determined 

by comparing the two colors from the one position. Figure adapted from (Maksimovic et 

al., 2012). 
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Briefly, the first stage in the process included a denaturing and neutralisation stage 

before the bisulfite (BS)-treated DNA was whole-genome amplified. The 

denatured DNA was then isothermally amplified in an overnight step. The whole-

genome amplification uniformly increases the amount of the DNA sample by 

several thousand fold without significant amplification bias (Mill and Petronis, 

2009). A controlled enzymatic process was performed to fragment the amplified 

product. The process uses endpoint fragmentation to prevent over fragmentation. 

After an isopropanol precipitation, centrifugation at 4°C collected the fragmented 

DNA. The precipitated DNA was then suspended in Hybridisation buffer and 

dispensed onto EPIC arrays. Arrays were then incubated in an Illumina 

Hybridisation Oven to hybridise the samples onto the EPIC array surface. Eight 

samples were applied to each EPIC array, which were kept separate with an 

IntelliHyb seal. DNA samples annealed to locus-specific sites on the EPIC array. 

Un-hybridised and nonspecifically hybridised DNA was washed away and the 

EPIC array then underwent extension and staining in capillary flow-through 

chambers. Single-base extension of the oligonucleotides on the EPIC array, using 

the captured DNA as a template, allowed the incorporation of detectable labels on 

the EPIC array and determination of the 5mC/5hmC level at specific CpG sites. 

Finally, the EPIC array was imaged on the Illumina HiScan or iScan System 

(Illumina, San Diego, CA, USA), using a laser to excite the fluorophore of the 

single-base extension product on the beads. The scanner recorded high resolution 

images of the light emitted from the fluorophores. These in turn were used by the 

genome studio® software to produce a beta value (a measure of the levels of DNA 

modification) for each locus. 

 

 2.9.2.1   Data normalisation and quality control 

The proportion of methylated bases in a sample was determined by calculating 

the ratio of the intensity of the fluorescent signal for M (modified) and U 

(unmodified), which gives a β (DNA modification) value for each site ranging from 

0 (i.e. all cytosines at that site are unmodified) to 1 (i.e. all cytosines at that site 

are modified). The β value is calculated by the following equation:  
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To avoid negative values after background adjustment, Illumina recommends 

adding a constant offset (+100) to the denominator to regularise β values when 

both methylated and unmethylated probe intensities are low (Du et al., 2010).  

Although this technology has been proven to be robust, it is not without its own 

limitations: for example, one disadvantage is the difference in performance 

between the two types of probe (Dedeurwaerder et al., 2011). Specifically, the β-

values obtained from Infinium II probes have been shown to be less accurate and 

reproducible than those obtained from Infinium I probes (Dedeurwaerder et al., 

2011). As a result, this has led to the development of several normalisation 

methods (Wang et al., 2015). Our research group has developed the wateRmelon 

package in R 3.3.2 (Pidsley et al., 2013), which offers a range of normalisation 

function and tools that were used to pre-process and normalise the DNA 

methylation data presented in this thesis.                       

An additional caveat, is the presence of SNP variation within close proximity of the 

query CpG site with the probe design on the array. The DNA methylation data at 

these sites could be confounded by the presence of nearby polymorphisms (Chen 

et al., 2013, Price et al., 2013). Therefore the DNA methylation levels detected by 

these probes could simply be a representation of the underlying genetic 

architecture. Additionally, 6-8% of the probes in the array have been found to 

cross-hybridise with other genomic locations and therefore do not accurately 

estimate the 5mC levels at the annotated site (Chen et al., 2013, McCartney et al., 

2016). As a result of these issues, probes known to either cross-hybridise with 

another site (N=43,233 on 450K; N= 44,210 on EPIC) or contain common SNP 

variation (N= 19,224 on 450K; N=10,888 on EPIC) which can interfere with probe 

binding and confound measurement of DNA methylation were excluded prior to 

further analysis. The removal SNP probes was based on ancestry of the 

population, therefore probes with a common SNP (European population minor-

allele frequency > 0.01) within 10 bp of the CpG site or a single base extension 

were excluded. Furthermore, control Illumina probes (rs) which assay highly-

polymorphic SNPs rather than DNA methylation (N=65 on 450K array, N=59 on 

EPIC array) awere also removed. These are intentionally included on the array to 

allow sample quality control to check for relatedness between individuals and 

enable the detection of potential sample mix-ups (Daca-Roszak et al., 2015). The 

signal from these probes is expected to cluster into three distinct groups 

(representing the heterozygous and two homozygous groups). Although these are 
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not DNA methylation signals, they can be used to provide an indication of the 

degree of technical variance between samples (Chen et al., 2013). 

Another major confounder in epigenetic studies is the variable cell composition 

of different tissues or different samples (Jaffe and Irizarry, 2014). Within the same 

brain region, different samples will have a different abundance of neurons and 

other brain cells. Recently, tools and new methodologies to control for such 

differences have become available.  In 2013, an algorithm to estimate neuronal 

composition from Illumina 450k human brain data was developed (Guintivano et 

al., 2013). They identified cell epigenotype specific (CETS) markers based on 

DNA methylation differences between FACS neuronal and non-neuronal nuclei. 

Since the algorithm has been proven to be applicable to EPIC datasets too 

(Shireby G.L., 2020, Bettencourt et al., 2020), CETS was used to estimate 

neuronal to glia proportions in all the PFC datasets used in data Chapter 3 of this 

thesis and these estimates were incorporated as covariates in subsequent 

analyses to control for cell composition differences across different samples. The 

algorithm was also used as a validation test of purity and enrichment of FACS-

sorted nuclei fractions in Chapter 4 and 5. 

 

 

2.10 Polymerase chain reaction (PCR) 

PCR is a method used extensively to amplify a segment of DNA to generate 

numerous copies of the same fragment. Various components, including DNA, 

nucleotides, buffers, primers and polymerase are combined together and 

subjected to cycles of heating and cooling in a thermocycler. During the first stage 

of PCR the mix is heated to a high temperature to activate the heat sensitive 

polymerase taq. This is in turn followed by three steps: 

1. A denaturation step, where the mix is heated to 95ºC to denature the double-

stranded DNA 

2. An annealing step where the mix is cooled to a primer-specific temperature 

(usually between 50ºC and 65ºC) to allow the primers to anneal with high 

specificity to the correct annealing sequence in the DNA 

3. An extension step at 72ºC to allow the taq polymerase to synthesise the 

complementary strand of DNA using the deoxynucleotides (dNTPs)  
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These three steps are repeated for a specific number of cycles to allow the 

synthesis of an exponential number of DNA amplicons. A final step of 72ºC is 

added to allow a final extension. 

The PCR in Chapters 3 of this thesis was performed using BS-converted 

genomic DNA as the reaction template (see Section 2.9.1). This presents more 

of a challenge than using standard unconverted genomic DNA for several 

reasons. First, prolonged incubations using BS-treated DNA can lead to 

extensive damage to the DNA template. Second, BS treatment leads to reduced 

sequence complexity (the DNA largely comprises three bases rather than four), 

leading to a higher redundancy of the target sequence, and third, regions of 

interest often lie within CG-rich sequences, which become long stretches of 

Thymine following BS conversion, which can cause polymerase slippage. These 

reasons result in a higher chance of mispriming and non-specific PCR 

amplification. These issues were addressed in this thesis with careful primer 

design, using the following criteria which are widely reported to be optimal for 

successful BS-PCR: 

1. Primers did not contain any CpG sites within their sequence to avoid 

discrimination between methylated or unmethylated DNA 

2. Primers were not placed in a repetitive region 

3. Primer length was at least 20 bases, to reduce non-specific amplification 

4. Amplicon length was 177 bp as bisulfite treatment fragments DNA and it is 

difficult to amplify >400 bp regions (Masser et al., 2015). 

The reagents used in a standard PCR reaction, together with their description 

and quantities are described in Table 2.7 while Table 2.8 reports the standard 

thermocycling conditions of a PCR reaction.  
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Reagent Function 
Concentr

ation 

Volume 

(µL) 
Supplier Cat. No 

PCR Buffer  

B1 

Maintains 

optimal pH 
10X 2 

Solis 

BioDyne 

01-02-01000 

Magnesium 

Chloride 

(MgCl2) 

Required 

substrate for the 

Taq polymerase 

1.5mM 1.2 
Solis 

BioDyne 
01-02- 01000 

DNA 

nucleotides 

DNA bases 

needed for the 

synthesis of new 

DNA 

20mM 0.2 
Fisher 

Scientific 

1183-3933 

Forward 

PCR primer 

Short, single 

stranded 

oligonucleotides 

complementary 

to target 

sequence 

10μM 

0.2 

IDT  

Reverse 

PCR primer 

0.2 

Taq DNA 

Polymerase 

Heat resistant 

enzyme that 

catalyses the 

PCR reaction 

5U/μL 0.2 
Solis 

BioDyne 

01-02- 01000 

DNA 

Single stranded 

standard / BS 

treated DNA 

10ng/μL 2   

Ultra-pure 

Water 

Makes up 

reaction volume 
 14   

Table 2.7 Polymerase chain reaction (PCR) reagents and volumes used in this 
thesis. 

 

Step Temperature (ºC) Time N of Cycles 

Hotstart/Initiation 95ºC 15 mins 1 

Denaturation 95 ºC 30 secs 

40 Annealing 60 ºC 30 secs 

Extension 72 ºC 1 min 

Final Extension 72 ºC 10 mins 1 

End 15 ºC ∞  

Table 2.8 Standard Polymerase chain reaction (PCR) thermocycling conditions. 
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2.11 Bisulfite-PCR-Pyrosequencing 

Bisulfite-PCR-pyrosequencing was used in this thesis to quantify DNA 

methylation across a specific genomic region (chr22:17,840,837-18,031,827) as 

a validation method for DNA methylation findings in empirical Chapter 3. The first 

step of this process is to treat the genomic DNA using sodium bisulfite (see 

section 2.9.1), followed by PCR (see section 2.10) to amplify specific target 

regions and pyrosequencing to quantify site-specific levels of DNA methylation. 

Pyrosequencing is a highly-sensitive ‘sequencing-by-synthesis’ technique often 

used to detect differences in DNA methylation levels at individual CpG sites in 

short DNA fragments (<200bp). The method works by monitoring the real-time 

incorporation of nucleotides via detection of the light signal resulting from the 

release of pyrophosphate molecules (PPi) during DNA elongation (Tost and Gut, 

2007). DNA methylation analysis by pyrosequencing uses single-stranded, biotin-

labelled bisulfite-PCR amplicons as a template.  

 

The fundamental basis of pyrosequencing is that inorganic PPi is released when 

a deoxyribonucleotide triphosphate (dNTP) is added to the end of a growing 

strand of DNA. The PPi is then converted into ATP by ATP-sulfurylase and 

adenosine-5’-phosphosulfate. The newly formed ATP is then used for the 

conversion of luciferin into oxyluciferin by luciferase, which produces visible light. 

As a result of dNTPs being sequentially added to the reaction and because the 

light emitted is continuously detected by a charge coupled device camera, the 

DNA sequence and therefore the level of DNA modification at a specific genomic 

locations can be determined (23991743) (see Figure 2.15 for details).  

Biotinylated PCR primers (Table 3.4) were used to amplify a region of DNA for 

pyrosequencing. The incorporation of a biotin label into the primer indeed allows 

to capture single-strands of DNA. In addition, sequencing primers specific to the 

region of interest (approximately 200bp) were designed, these primers also had 

stringent design conditions as follows: 

1. Sequencing primers did not contain any CpG sites within their sequence to 

avoid discrimination between methylated or unmethylated DNA 

2. Sequencing primers were not placed in a repetitive region 

3. Sequencing primers only contained non-CpG cytosines within their sequence 

to ensure exclusive amplification of BS-converted DNA 
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4. Sequencing primer length was no longer than 21 bases, to ensure efficient 

annealing 

5. Sequencing primer annealing temperature was designed to be as close to 

40°C as possible to be efficient within the pyrosequencer 

All primers for PCR and pyrosequencing where designed using the PyroMark 

Assay Design software from Qiagen. CpG assay designs were created using the 

PyroMark Q24 software from Qiagen, using standard conditions. Two BS controls 

were used per assayed region to confirm BS conversion efficiency (i.e 

interrogation of the DNA sequence to check for BS conversion of a non-CpG 

cytosine by sequentially adding a C and T). At these positions a peak will only be 

present if the BS conversion is not efficient. These controls are built into the 

quality score for the data and the sites are different for every assay as they 

depend on the target sequence, (i.e. if the target region only includes CpG 

cytosines, no BS controls can be identified for that assay). Furthermore, 

commercially available fully methylated genomic DNA from Jurkat (human acute 

T-cell leukemia) cells enzymatically methylated with CpG Methyltransferase 

(M.SssI) (i.e. CpG Methylated Jurkat Genomic DNA, Cat. No SD1121) was used 

as fully methylated DNA standard (i.e 100% methylated control). 

The following section details the process of pyrosequencing as per 

manufacturer’s instructions on a targeted genomic region of BS treated DNA as 

used in this thesis. A full guide is also available from the manufacturer (PyroMark 

Q24 User Manual). 

The cycling conditions, primer sequences (forward, reverse and sequencing) and 

PCR reagents used in this thesis for the pyrosequencing validation are reported 

in details in empirical Chapter 3, section 3.2.10. 
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Figure 2.15 Pyrosequencing chemistry. 

This figure shows the biochemical reactions and enzymes involved in the generation of 

light signals by DNA pyrosequencing. The pyrosequencing reaction takes place using a 

mixture of the single-stranded DNA template, the sequencing primer, and the enzymes 

DNA polymerase, ATP sulfurylase, luciferase, and apyrase. On the incorporation of 

complementary dNTPs by DNA polymerase, pyrophosphate (PPi) is released and is 

converted into ATP by ATP sulphurylase using adenosine 5′phosphosulfate. In the 

presence of ATP, luciferase converts luciferin into oxyluciferin that generates visible light. 

Each peak in the pyrograms represents a pulse of light detected in the instrument. 

Emitted light is proportional to the number of bases incorporated into the sequence. ATP, 

adenosine triphosphate; ADP, adenosine diphosphate; dNTP, deoxynucleoside 

triphosphate; dNDP, deoxynucleoside diphosphate; dNMP, deoxynucleoside 

monophosphate; PPi, pyrophosphate; APS, adenosine 5 Ј phosphosulfate. Figure taken 

from (Petrosino et al., 2009).  

 
 
 
 

        2.11.1 Immobilising PCR product 

1. Sepharose beads (Streptavidin Sepharose High Performance, GE Healthcare, 

Cat No: 11565015) were gently shaken to re-suspend 

2. 2μL of beads (per sample) and Binding Buffer (Qiagen, Cat No: 979306) (40μL 

per sample) were combined in a 1.5mL centrifuge tube 

3. Ultra-pure H2O was added to make a total volume of 60μL per sample 

4. 60μL of the immobilising solution was pipetted into each well of a 24-well PCR 

plate 
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5. 20μL of biotinylated PCR product was added to each well of the PCR plate 

6. The plate was then sealed and agitated for at least 10 minutes (200 x g). 

 

        2.11.2 Preparing the vacuum workstation 

1. The appropriate troughs were filled with each reagent as follows: 

a. 50mL 70% Ethanol (Sigma Aldrich, Cat No: E7023) 

b. 50mL Denaturation Solution (0.2M Sodium Hydroxide (NaOH)) (Qiagen, 

Cat No: 979307) 

c. 70mL 1X Wash Buffer (Qiagen, Cat No: 979308) 

d. 70mL high-purity water 

e. 70mL high-purity water 

2. The vacuum pump was switched on and filter probes were lowered into trough 

(e) (high purity water). All water was washed through the probes and the trough 

was re-filled. 

3. The vacuum pump was turned off and returned to the “parking” position 

 

        2.11.3 Sequencing primer setup 

1. The sequencing primer was diluted to 0.3μM in Annealing Buffer (Qiagen, Cat 

No: 979309); 25μL of the resulting solution was pipetted into each well of a Q24 

well plate 

 

        2.11.4 Combining the Q24 plate 

1. Once the PCR plate has finished its agitation it was moved to the Vacuum 

Workstation 

2. The vacuum tool was turned on and the filter probes were immersed in the 

wells of the PCR pate 

3. The vacuum tool with the DNA bound sepharose beads was then moved to the 

ethanol trough (a) and ethanol was aspirated for 5 seconds 

4. The vacuum tool was then moved to the denaturation solution trough (b) and 

denaturation solution was aspirated for 5 seconds 

5. The vacuum tool was then moved to the wash buffer trough (c) and wash buffer 

was aspirated for 10 seconds 

6. The vacuum tool was then raised to 90° and the filter probes were left to dry 

for 20 seconds 
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7. The vacuum tool was then turned off and lowered into the waiting Q24 plate 

containing the sequencing primer 

8. The vacuum tool was then agitated from side to side to dislodge the beads into 

the solution 

9. The Q24 plate was then transferred to a heat block and incubated at 80°C for 

2 minutes. It was then left to stand at room temperature for 5 minutes 

 

        2.11.5 Loading the pyrosequencer 

1. For each assay performed, the sequencing cartridge was loaded using 

Pyromark Gold Q96 Reagents (Qiagen) (see Figure 2.16) as described in the 

pre-run information produced by the Pyromark Q24 software. 

2. The cartridge and plate were loaded into the sequencer; the appropriate run 

was loaded from an external memory drive and the run was initiated. 

 

 

Figure 2.16 Schematic representation of the PyroMark Q24 cartridge. 
Image taken from the PyroMark Q24 Cartridge Product Sheet (Qiagen, 2013). E, 
pyrosequencing enzyme; S, Pyrosequencing Substrate; A, dATP; C, dCTP; G, dGTP; T, 
dTTP.  
 

 

        2.11.6 Pyrosequencing data quality control 

Analysis of the pyrogram was performed using the PyroMark Q24 software. BS 

conversion efficiency of less than 90% resulted in the exclusion of the affected 

samples. Using the inbuilt quality checker, traces were included or excluded from 

downstream analysis. DNA methylation values were reported as percentages of 

modifications at each CpG site profiled and these were taken forward for 

downstream analysis. 
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2.12 Total RNA extraction from bulk post-mortem human brain tissue 

Total RNA was extracted using the miRNeasy Mini Kit (Qiagen, UK). Figure 2.17 

shows an overview of the experimental procedure (taken from the miRNeasy Mini 

Kit Handbook (Qiagen, 2014)). All the reagents were provided with the kit unless 

otherwise stated. Before starting, the lysophilised RNase-Free DNase I was 

prepared by adding 550µl of RNAse-free water, and 100% ethanol (Sigma 

Aldrich, UK) was added to the RPE and RWT buffers as indicated in the 

manufacturer instructions. 

Approximately 30mg of frozen human brain tissue was excised from each sample 

using a sterile scalpel blade on a petri dish over dry ice and transferred into a 

sterile 1.5ml microcentrifuge tube. The tissue was homogenised in 350µl of 

QIAzol and using an RNase free, sterile plastic pestle. Another 350µl of QIAzol 

were added to each tube. The total 700µl of lysate were transferred into a 

QIAshredder column (Qiagen, UK) and centrifuged at 16,000 x g for 2 minutes. 

The samples were transferred to new microcentrifuge tubes and incubated at RT 

for 5 minutes. 140µl of chloroform (Sigma Aldrich, UK) was added and the 

samples mixed by shaking for 15 seconds. The samples were again incubated at 

RT for 2 minutes and centrifuged at 16,000 x g at 4ºC for 15 minutes. The upper 

layer of each sample was transferred to a new microcentrifuge tube and 525µl of 

100% ethanol added and mixed by pipetting. The samples were transferred to 

RNeasy Mini spin columns, centrifuged at 9,000 x g for 15 seconds and the flow-

through discarded. 350μl of RWT buffer were added to each column, the samples 

were centrifuged at 9,000 x g for 15 seconds and the flow-through discarded. For 

each sample, 10μl of DNase I solution was added to 70μl of RDD buffer I. 80µl of 

RDD buffer I was added to the centre of each column and the samples incubated 

at RT for 15 minutes. After incubation, 350μl of RWT buffer was added to each 

column, the samples were centrifuged at 9,000 x g for 15 seconds and the flow-

through discarded. 500μl of RPE buffer was added to each column, the samples 

were centrifuged at 9,000 x g for 15 seconds and the flow- through discarded. 

Another 500μl of RPE buffer was added to each column, the samples were 

centrifuged at 9,000 x g for 2 minutes and the flow-through discarded. The 

columns were placed in new collection tubes and centrifuged at 16,000 x g for 1 

minute to dry. The columns were placed into new microcentrifuge tubes and 15μl 

of RNAse-free water were added to the centre of each column and the samples 
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centrifuged at 9,000 x g for 1 minute to elute the RNA. Another 15μl of RNAse-

free water were added to the centre of each column and the samples centrifuged 

at 9,000 x g for 1 minute to elute the remaining RNA. 

 

Figure 2.17 Overview of the total RNA extraction experimental procedure. 
Figure taken from the miRNeasy Mini Kit Handbook (Qiagen, 2020).
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        2.12.1 Determining the quality and quantity of isolated nucleic acids 

After extraction, DNA and RNA samples were quantified and checked for purity 

by spectrophotometry using a Nanodrop ND-8000 (Thermo Fisher Scientific, MA, 

US). Nucleic acids absorb UV light at a wavelength of 260nm, whereas proteins 

absorb UV light at a wavelength of 280nm and other compounds such as 

ethylenediamine tetraacetic acid (EDTA), carbohydrates and phenol, at a 

wavelength of ~230nm. Therefore, the absorbency rations of 260/280 and 

260/230 indicate the presence of protein and other contaminants in the DNA and 

RNA samples. A 260/280 ratio of ~1.8 (for DNA) and ~2.0 (for RNA), and a 

260/230 ratio between 1.8 and 2.2 is indicative of high purity sample. Figure 2.18 

shows an example of a typical RNA nanodrop profile. 

 

 

Figure 2.18 Typical nanodrop profile of a high quality, uncontaminated nucleic 
acid sample. 
 

The purity and integrity of RNA samples was further assessed using an Agilent 

2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, USA) in 

conjunction with the Agilent RNA 6000 Nano Kit (Agilent Technologies, CA, USA). 

The Bioanalyzer uses a fluorescent dye that binds to RNA on a gel 

electrophoresis chip. The Agilent Bioanalyzer software analyses the resulting 

electrophoresis gel and calculates an RNA integrity number (RIN) that can range 

between 1 (suggesting the RNA is highly degraded) and 10 (indicating the RNA 

has perfect integrity). Figure 2.19A shows an electropherogram detailing the 

regions that are indicative of RNA quality (taken from (Agilent Technologies, 

Standardization of RNA Quality Control)) and Figure 2.19B shows Bioanalyzer 

gel electrophoresis images of RNA sample degraded for varying times. 
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Figure 2.19 A) Electropherogram detailing the regions that are indicative of RNA 
quality. 
B) Bioanalyzer gel electrophoresis images obtained from a total RNA sample degraded 
for varying times and analyzed on the Agilent 2100 Bioanalyzer System. A shift towards 
shorter fragment sizes (left to right) can be observed with progressing degradation. Both 
figures taken from(Agilent Technologies, Standardization of RNA Quality Control) . 
 

 

All total RNA samples (N=71) used in empirical Chapter 3 and Chapter 6 were 

run on the Bioanalyzer and as expected, the samples were characterized by 

relatively low RIN numbers (ranging between 2.4 and 7.6) (see Figure 2.20 for 

an example). Variable post-mortem interval before dissection and long-term 

storage (often several decades) which very often associate with several freeze-

thaw cycles are two well-known factors affecting the quality of RNA when using 

post-mortem brain tissue (Pidsley and Mill, 2011). Despite the relatively low 

quality and high level of degradation of the total RNA, all samples were included 

in the study. Although the influence of RNA integrity on the performance of RT-

qPCR and  quantitative results is widely reported (Fleige et al., 2006, Nolan et 

al., 2006),  common photometrical methods (e.g. Nanodrop) as well as standard 

lab-on-chip instruments (e.g. 2100 Bioanalyzer) for measuring the concentration 

of nucleic acids do not allow to discriminate between different fractions of RNAs 

(mRNA vs miRNAs). RIN is calculated as a ratio between 28S:18S ribosomal 

RNAs being an indication of RNA degradation (in the overall sense) thus with 

respect to integrity of miRNA, RIN is not a good factor to estimate miRNA 

degradation. Futhermore, due to their small length, miRNAs seem to be less 

susceptible to degradation because they show less binding sites for nucleases 

(Jung et al., 2010, Hall et al., 2012). Consequently, it can be assumed that the 

amplification of miRNA in qPCR might be less affected by a low RNA integrity 

compared to the longer mRNAs (Jung et al., 2010). 
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Figure 2.20 Bioanalyzer electropherograms and gel eleptrophoresis images from a good quality (A) and a degraded sample (B). 

Shown are the bioanalyzer results for the prefrontal cortex sample s25_BA25 with a RIN=7.6 (A; good quality) and the prefrontal cortex 

sample s81_BA11 with a RIN=2.4 (B; highly degraded) both from the Douglas Bell-Canada Brain Bank (DBCBB). 
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2.13 cDNA synthesis from brain derived total RNA  

Total RNA from post-mortem brain tissue was reverse transcribed into 

complementary DNA (cDNA) using the SuperScript™ VILO™ cDNA Synthesis 

Kit (Cat. No. 11754050) (Life Technologies Ltd, Paisley, UK) which contains 

SuperScript III Reverse Transcriptase (RT). The kit formulation allows to achieve 

superior cDNA yield and sensitivity even with suboptimal purity or scarce RNA 

templates. The protocol was carried out as per manufacturer’s instructions. The 

reagents used in the cDNA synthesis, along with their quantities are outlined in 

Table 2.9.  

 

Reagent Volume (μL) 

5x VILO Reaction MIx 4 uL 

10x Super Script Enzyme Mix 2uL 

Total RNA (up to 2.5 μg) X uL (1000ng/sample) 

DEPC-treated water to 20uL 

Table 2.9  First strand cDNA synthesis reagents and volumes. 

 
 

RNA samples were diluted to a final concentration of 5 ng/uL. For each sample a 

total volume of 1ug of total RNA was used as template material for the reverse 

transcription reaction. Thermocycler conditions are outlined in Table 2.10. 

 

Stage Temperature Time (min) 

Primers annealing 25°C 10 mins 

DNA polymerization 42°C 90 mins 

Enzyme deactivation 85°C 5 mins 

Table 2.10 Thermocycler programme temperatures and stages duration. 
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2.14 Quantitative PCR (qPCR) from brain derived total RNA 

qPCR (for a comprehensive discussion on this technique see section 2.7) was 

used to examine expression levels of the suicide-associated non-coding RNA 

gene PSORS1C3 and the nearby gene POU5F1 in a subset of brain tissue 

samples (details in the section 2.1) to evaluate i) expression levels in the brain 

and ii) determine whether differences in DNA methylation levels affect expression 

of nearby genes.  

Three housekeeping genes Ubiquitin Conjugating Enzyme E2 D2 (UBE2D2), 

Cytochrome C1 (CYC1), Ribosomal Protein L13 (RPL13) identified previously 

(Rydbirk et al., 2016) as being among the most stably expressed in the brain were 

selected to normalise the target gene expression. The protocol was carried as 

per manufacturer’s instructions unless otherwise stated. The reagents used in the 

qPCR assay, along with their quantities are outlined in Table 2.11.  

 

Reagent Vol (1 rxn) 

Taqman Fast Advanced Master Mix 10 ul 

Taqman Gene Expression Assay 1 ul 

Ultra pure water 5 ul 

cDNA (1:5 diluted) 4 ul 

Tot rxn volume 20 ul 

Table 2.11 Gene expression assay – reagents and volume used. 

 

Next, quantitative RT-PCR was performed in triplicate for each assay using the 

StepOnePlus Real-Time PCR machine (Applied Biosystems,CA, USA) and pre-

optimized Taqman gene expression assays (Applied Biosystems, Cheshire, UK). 

A full list of the qPCR assays used is given in Table 3.2 (Chapter 3). Each plate 

included a qPCR and cDNA no template controls (NTCs). Thermocycler 

conditions were set as per manufacturer’s recommendations and are outlined in 

Table 2.12. 
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UNG 

incubation 
Polymerase 
activation 

PCR (40 cycles) 

Stage Hold Hold Denature 
Anneal / 
extend 

Temperature 50°C 95°C 95°C 60°C 

Duration 2 minutes 20 seconds 1 second 20 seconds 

Table 2.12 qPCR run – programme setting. 

 
Stringent QC of raw qPCR data was performed removing samples where there 

was high variability between triplicates (Ct > 0.5). The abundance of each test 

gene was determined by the comparative Ct method (Pfaffl, 2001), expressed 

relative to the geometric mean of the three housekeeping genes. Data were log2-

transformed to ensure normal distribution and presented as a fold-difference in 

expression of suicide cases relative to controls using the 2−ΔΔCT method. 

Further info relating to the data analysis are provided in detail in Chapter 3. 

 

 

2.15 TaqMan Open Array 

OpenArray™ technology is an affordable real-time PCR–based solution for high-

throughput gene expression analysis, genotyping, miRNA analysis, and digital 

PCR applications. This unique technology minimizes reagent use and helps 

streamline real-time PCR studies that use large numbers of samples, assays, or 

both (Applied Biosystems OpenArray® User Guide). It uses a microscope slide–

sized microfluidic plate with 3072-well containing dehydrated TaqMan primers 

and probes. Each “through-hole” is treated with hydrophilic and hydrophobic 

coatings so that reagents are retained in the through-holes via surface tension. 

One OpenArray plate can hold as many samples as eight traditional 384-well 

plates. 

The Standard Human TaqManⓇ OpenArrayⓇ Human MicroRNA Panel for 

miRNA analysis contains 754 human miRNA sequences from miRBase v14 

(McCall et al., 2016) which have all been previously functionally validated with 

miRNA artificial templates (McCall et al., 2016). Although microarray- and 

sequencing-based platforms are preferable for most high-throughput 

applications, given the relative small number of common miRNAs, it is possible 

to use a qPCR-based platform (the gold standard for low-throughput 

measurement of gene expression) to measure the expression of all abundant 
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miRNAs in many tissues and cells (McCall et al., 2016).The primary advantage 

of qPCR-based technologies is the ability to simultaneously amplify and quantify 

a target transcript over sequential PCR cycles. The greater the initial amount of 

the target transcript present in a sample, the more rapidly the target will reach a 

threshold at which it can be detected by fluorescence (McCall et al., 2016).                         

With TaqMan® Array, quantification of the gene expression levels is 

accomplished by loading the pre-amplified cDNA product onto the array for PCR 

amplification and real-time analysis. Gene expression is then measured using the 

comparative Ct (ΔΔCt) method of relative quantitation (Applied Biosystems 

OpenArray® User Guide).  

 

TaqMan OpenArrayⓇ system was used in empirical Chapter 6 of this thesis to 

identify differentially expressed miRNA relevant to suicide in a cohort of 70 post-

mortem human brain samples. The following section describes procedures to 

prepare cDNA templates from total RNA followed by PCR amplification of the 

cDNA template for subsequent data analysis. First, mature miRNAs from total 

RNA are modified by 1) extending the 3' end of the mature transcript through 

poly(A) addition, then 2) lengthening the 5’ end by adaptor ligation. The modified 

miRNAs then undergo universal reverse transcription followed by amplification to 

increase uniformly the amount of cDNA for all miRNAs (miRAmp reaction) (see 

Figure 2.21). The cDNA templates are then used with TaqMan® Advanced 

miRNA Assays for quantification of miRNA expression levels by qPCR analysis. 

TaqMan® Advanced miRNA Assays (Fisher Scientific, UK, Cat No. A25576) are 

pre-formulated primer and probe sets that are designed for analysis of miRNA 

expression levels. The assays can detect and quantify the mature form of the 

miRNA from 1–10 ng of total RNA from tissue (TaqMan® Advanced miRNA 

Assays User Guide). Figure 2.22 provides a schematic overview of the TaqMan® 

Advanced miRNA Assays chemistry. 
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Figure 2.21 Overview of cDNA template preparation for quantification using 
TaqMan® Advanced miRNA Assays. 
 Figure taken from (TaqMan® Advanced miRNA Assays User Guide). 
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Figure 2.22 Overview of TaqMan® Advanced miRNA Assays chemistry. 

Figure showing representation of real-time PCR with TaqMan® Advanced miRNA 

Assays. The 5' nuclease assay process takes place during PCR amplification. It occurs 

in every cycle and does not interfere with the exponential accumulation of product. 

During the PCR, the forward and reverse primers anneal to complementary sequences 

along the denatured cDNA template strands (stage 2). The primer binding sites vary 

depending on the target miRNA sequence and are designed to maximize specificity. 

Stage 2 shows an example representation in which the reverse primer is the primer that 

partially overlaps the miRNA region. The TaqMan® MGB probe (reporter dye: FAM™) 

anneals specifically to a complementary sequence between the forward and reverse 

primer sites (stage 2). When the probe is intact, the proximity of the reporter dye and 

quencher dye suppresses the reporter fluorescence. During polymerization, the DNA 

polymerase cleaves only probes that hybridize to the target sequence. Cleavage 

separates the reporter dye from the quencher dye resulting in increased fluorescence by 

the reporter dye (stage 3). This increase in fluorescence occurs only if the probe is 

complementary to the target sequence and if the target sequence is amplified during 

PCR avoiding therefore the detection of nonspecific amplification. Polymerization of the 

strand continues (Stage 4), but because the 3' end of the probe is blocked, no extension 

of the probe occurs during PCR. Figure adapted from (TaqMan® Advanced miRNA 

Assays User Guide). 
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   2.15.1 cDNA synthesis 

The TaqMan™ Advanced miRNA cDNA Synthesis Kit (Fisher Scientific, 

Loughborough, UK, Cat. No. A28007) was used to reverse transcribe total RNA 

into cDNA. The protocol was carried following the manufacturer’s instructions. 

Strip tubes instead of plates were used to avoid cross contamination. In order to 

ensure consistency of the input material, RNA samples were diluted 1:10 aiming 

not to exceed 10 ng of total RNA per reaction. Briefly, the following steps were 

performed. 

1. RNA samples were gradually thawed on ice. Temperature was controlled 

and kept constant in order to preserve the integrity of the RNA molecules. 

2. cDNA kit reagents were defrosted and allowed to equilibrate at RT (with 

the exception of the enzymes which were kept on ice); reagent were mix 

thoroughly and briefly centrifuged 

3. Water was added to each tube as per dilution calculation. 

4. 2ul of RNA was added per well (5 ng/µL concentration) 

5. The diluted RNA was vortexed and centrifuged briefly. 

 

        2.15.1.1 ‘PolyA’ tailing 

Sufficient Poly (A) Reaction Master mix (MM) was prepared for the required 

number of samples plus 10% overage (3µL/ sample) following the manufacturer’s 

instructions (see Table 2.13 for reference). 

 

Component 1 Rxn 

10X Poly(A) Buffer 0.5 µL 

ATP 0.5 µL 

Poly(A) Enzyme 0.3 µL 

RNase-free water 1.7 µL 

Total Poly(A) Reaction Mix volume 3.0 µL 

Table 2.13 Reagents and volumes to prepare the Poly (A) Reaction Mix. 

 

1. 2 µL of diluted RNA was transferred to new reaction tubes 

2. 3 µL of MM were aliquoted per reaction tube (Final volume/reaction: 5uL) 

3. Samples were briefly vortexed to mix and centrifuged to spin down 
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The thermocycler programme for the ‘PolyA’ tailing reaction followed 

manufacturer‘s recommendations and is reported in Table 2.14. 

 

Step Temperature Time 

Polyadenilation 37°C 45 mins 

Stop reaction 65°C 10 mins 

Hold 4°C Hold 

Table 2.14 Thermocycler programme for the ‘PolyA’ tailing reaction. 

 
 
 

         2.15.1.2 Adaptor ligation reaction  

1. Reagents (yellow lid tubes) were vortexed and spun down before use, 

particular attention was taken when pipetting 50% PEG 8000 (very viscous 

reagent, tube requires to be vortexed at max speed to mix thoroughly and solution 

has to be aspirated and dispensed slowly).  

2. Sufficient Ligation Reaction Master mix was prepared for the required number 

of samples plus 10% overage (10µL/sample) following the manufacturer’s 

instructions (See Table 2.15).  

 

Component 1 Rxn 

5X DNA Ligase Buffer 3 µL 

50% PEG 8000 4.5 µL 

25X Ligation Adaptor 0.6 µL 

RNA Ligase 1.5 µL 

RNase-free water 0.4 µL 

Total Ligation Reaction Mix volume 10 µL 

Table 2.15 Reagents and volumes to prepare the Adaptor ligation Reaction Mix. 

 

3. 10 µL of master mix were aliquoted to each reaction tube containing the poly 

(A) tailing reaction product (final volume: 15µL / tube).  

4. Tubes were sealed, vortexed to mix properly (it does affect ligation efficiency) 

and the contents was spun down before to load tubes into the thermocycler. See 

Table 2.16 for details. 
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Step Temperature Time 

Ligation 16°C 60 mins 

Hold 4°C Hold 

Table 2.16 Thermocycler programme for Adaptor ligation reaction stage. 

 

        2.15.1.3 Reverse transcription (RT) reaction 

1. Reagents (green lid tubes) were vortexed and spun down before use 

2. Sufficient RT Reaction Mix was prepared for the required number of samples 

plus 10% overage following the manufacturer’s instructions (see Table 2.17 for 

details). The mix was vortexed and spun down before dispensing. 

3. 15uL of RT Master mix was aliquoted to each tube containing the adaptor 

ligation reaction product. Total volume per well should be 30uL at this stage. 

4. Tubes were securely closed, vortexed to mix properly and the content spun 

down before loading tubes into the thermocycler. Programme settings as 

recommended by the manufacturers can be found in Table 2.18. 

 

Component 1 Rxn 

5X RT Buffer 6 µL 

dNTPs Mix (25mM each) 1.2 µL 

20X Universal RT Primer 1.5 µL 

10X RT Enzyme Mix 3 µL 

RNase-free water 3.3 µL 

Total RT Reaction Mix volume 15 µL 

Table 2.17 Reagents and volumes to prepare the RT Reaction Mix. 
 

 

Step Temperature Time 

Reverse Transcription 42°C 15 mins 

Stop reaction 85°C 5 mins 

Hold 4°C Hold 

Table 2.18 Thermocycler programme for RT reaction stage. 
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        2.15.1.4 miR-Amp reaction 

1. Reagents (clear lid tubes) were vortexed and spun down before use 

2. Sufficient miR-Amp Reaction Mix was prepared for the required number of 

samples plus 10% overage following the manufacturer’s instructions (see Table 

2.19 for details). The mix was vortexed briefly to mix and spun down. 

3. In new strip tubes 45µL of miR-Amp Reaction Mix was aliquoted per well 

4. 5µL of RT reaction product was distributed to each new tube (Total volume at 

this stage should be 50µL); remaining volume (25uL) can be stored at -20°C). 

5. Tubes were securely closed, vortexed to mix properly and centrifuged to spin 

down the contents before to load tubes into the thermocycler. Programme 

settings as recommended by the manufacturers can be found in Table 2.20. 

 

Component 1 Rxn 

2X miR –Amp Master Mix 25 µL 

20X miR- Amp Primer Mix 2.5 µL 

RNase-free water 17.5 µL 

Total miR-Amp Reaction Mix volume 45 µL 

Table 2.19 Reagents and volumes to prepare the miR-Amp Reaction Mix. 

 

 

 

 

 

 

Table 2.20 Thermocycler programme for miR-Amp reaction stage. 
 
 
 
 
 
 
 
 
 
 
 

Step Temperature Time Cycles 

Enzyme activation 95°C 5 mins 1 

Denature 95°C 3 mins 
20 

Anneal/Extend 60°C 30 secs 

Stop reaction 99°C 10 mins 1 

Hold 4°C Hold 1 
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    2.15.2   Quality control of Real-time PCR 

Quality of the cDNA samples (miR-Amp reaction product – see section 2.15.1.4 

for details) was assessed by performing real-time PCR for TaqMan® MicroRNA 

Assays. TaqMan™ Universal Master Mix II, no UNG (Cat No:  4440040) and two 

different TaqMan® Advanced microRNA Assays (478214_mir, 477863_mir, Cat 

No: A25576) were used. miR-Amp reaction product samples were diluted 1:10 

(2uL undiluted miR-Amp product + 18uL of ddH20), briefly vortex and spin down. 

Reagents were thawed on ice, then mix thoroughly but gently. The PCR reaction 

mix was prepared by combining the following components (see Table 2.21):  

 

Component 
Volume per reaction  

(96-well plates) 

TaqMan™ Universal Master Mix II, no UNG 5µL 

TaqMan® Advanced miRNA Assay 0.5 µL 

Nuclease-Free Water 2µL 

miR-Amp reaction product 2.5µL 

Total volume per reaction 10µL 

Table 2.21 Real-time PCR reagents. 

 

The PCR reaction mix was mixed thoroughly by vortexing, then centrifuged briefly 

to spin down the content and eliminate air bubbles. 5uL of PCR Reaction Mix was 

transferred to each well of a 96 well plate. 2.5µL of diluted miR-Amp reaction 

product were added to each reaction well for a total volume of 10uL per reaction. 

The plate was sealed with adhesive clear seal, vortexed briefly to thoroughly mix 

the contents and finally centrifuged (1500 x g, 1 minute) to spin down the content. 

Samples were loaded in duplicates together with 2 NTCs per each miRNA assay. 

Table 2.22 reports the thermocycler conditions recommended in the user guide 

by the manufacturers to run the plate on the StepOnePlus PCR Instrument 

(Applied Biosystems, CA, USA). Fast cycling mode (duration: 90 minutes) was 

selected for loading. 
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Step Temperature Time Cycles 

Enzyme activation 95°C 20 secs 1 

Denature 95°C 1 sec 
40 

Anneal/Extend 60°C 20 secs 

Table 2.22 StepOnePlus PCR Instrument thermal profiles. 

 
 

    2.15.3   Open Array plate loading 

384-well plates were used to transfer the PreAmplification product and Master 

Mix into the OpenArray Plate using the OpenArray AccuFill Platform. The 384-

well plate (24 columns, 16 rows) can be divided into eight regions, each 

containing 48 wells. Each 48-well region was used to fill one OpenArray Plate. 

Each sample well on the 384-well plate was used to load a subarray of 64 

through-holes on the OpenArray Plate (Figure 2.23). For details see 

manufacturer’s protocol (TaqMan® OpenArray® microRNA Panel). 

 

Figure 2.23 OpenArray 384-Well Reaction Plate. 

The OpenArray Plate is divided into 48 subarrays; each subarray consists of 64 through-

holes. Hydrophilic and hydrophobic coatings enable reagents to be held within the 

through-holes. An entire sub-array (64 throughholes) is loaded from each sample well in 

the 384-well sample plate using the AccuFill system. Figure adapted from (TaqMan® 

OpenArray® microRNA Panel). 
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1. The OpenArray plate was allowed to thaw to RT while still unopened as 

recommended by manufacturers. 

2. The left over miR-AMP reaction product was diluted 1:20 (95 µL water + 

5µL miR-AMP product) and diluted samples were mixed by vortexing and 

spun down  

3. Reaction mix was prepared by combining the Taqman OpenArray Real-

Time PCR Master Mix (Applied Biosystems, Cheshire, UK; Cat No. 

4462164) (2.5µL) with the diluted miR-AMP product (2.5µL) as per 

manufacturer’s instructions. 

4. Strip tubes were used to load OpenArray plates in order to prevent cross 

contamination 

5. 22.5 µL of Taqman OpenArray Real-Time PCR Master Mix  was aliquoted 

in each well of a strip tube 

6. 22.5 µL of diluted miR-AMP product were transferred to to each well 

previously loaded with master mix (final volume per well: 45µL) 

7. Using the multichannel, 5µL of reaction mix were transferred to each well 

in the sets of 4x4 wells in the OpenArray 384-well sample plate (see 

Figure 2.24A for details about the plate layout). When strip tubes or plates 

are used, loading was started from one side of the plate and alternate wells 

were loaded to correspond to a 4x4 set of the array (see Figure 2.24B) as 

per manufacturer’s recommendations. 

 

 

 

Figure 2.24 A) OpenArray 384-well sample plate layout. B) OpenArray Plate loading 

scheme. 

Each OpenArray Plate is designed to accommodate three samples (or one sample in 

triplicate). One filled 384-well plate will load a total of eight OpenArray Plates. 
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8. Content of each well was mixed by pipetting up and down with the 

multichannel 

9. Plates were sealed with adhesive foil seal, foil flap was removed and the 

edges of the filled areas was marked with a pen as reference when setting 

up the instrument  

10.  Plates were centrifuged to spin down (1 minute, 100 x g) 

11. The manufacturer’s Manual (TaqMan Array Micro Fluidic Cards User 

Guide) was followed to set up and load the Open Array AccuFill instrument 

(Applied Biosystems, Cheshire, UK) as well as to run the OpenArray 

plate(s) on the QuantStudio 12K Flex Instrument (Applied Biosystems, 

Cheshire, UK). 
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Chapter 3- Genome-Wide DNA Methylation 

Metaanalysis in the Brains of Suicide Completers 

 

 

The work presented in this chapter is based on work published on Translational 

Psychiatry (Policicchio S et al et al., 2020). A copy of the published manuscript 

can be found in Appendix B. 
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3.1 Introduction 
 

Suicide is a major public health problem worldwide, accounting for approximately 

one million deaths each year (Docherty et al., 2020) with 80% of suicides 

occurring in low- and middle-income countries (Naghavi and Global Burden of 

Disease Self-Harm, 2019). Throughout the world, suicide rates vary according to 

age and sex. Suicide is the foremost cause of death worldwide among peoples 

15 to 24 years of age (Fazel and Runeson, 2020) with the highest rates occurring 

among men (15.6 suicides per 100,000 compared to 7.0 per 100,000 among 

women) (Fazel and Runeson, 2020). Despite major advances in recent years, 

gaps still remain in knowledge about risks and protective factors related to SB 

(Hawton and van Heeringen, 2009). While it is established that suicide is 

significantly heritable (Turecki and Brent, 2016), well-powered genomic research 

on the topic has been largely limited to the study of suicide-related behaviours 

rather than the ultimate phenotype of suicide death (Docherty et al., 2020) and 

although results from large-scale genome-wide association studies (GWASs) 

(Schosser et al., 2011, Willour et al., 2012, Galfalvy et al., 2013, Mullins et al., 

2019) of SB have advanced our understanding of the process, they have failed 

to identify robust associations suggesting that the risk of SB is highly polygenic 

in nature and that individual gene variants are likely to account only for a very 

small proportion of the total phenotypic variability (Policicchio S et al., 2018). 

Other factors, such as the environment, behavioural traits, psychiatric diagnosis, 

life style and coping mechanisms, are essential regulators of suicide risk and 

likely to account for more sizeable effects (Turecki and Brent, 2016). Recently, 

increased understanding of epigenetic processes that occur in the brain has 

opened promising avenues in suicide research. The epigenome is potentially 

malleable—changing with age (Bell et al., 2012) and in response to specific 

environmental (Feil and Fraga, 2012) and psychosocial factors (Burns et al., 

2018) —providing a mechanism for the interaction between genotype and the 

environment (Mill and Heijmans, 2013). Epigenetic processes, including DNA 

methylation, have recently been implicated in the etiology of numerous mental 

health disorders (Wong et al., 2014, Pidsley et al., 2014, Uddin et al., 2010, Fisher 

et al., 2015, Murphy et al., 2015, Dempster et al., 2014, Davies et al., 2014, Uddin 

et al., 2011) and SB (Murphy et al., 2017, Galfalvy et al., 2013).  
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In the last decade, research aiming to understand the contribution of epigenetic 

mechanisms to SB has implicated the role for key biological pathways, including 

hypothalamic pituitary adrenal (HPA) axis, stress response, polyamine system, 

neurotrophic signalling and lipid metabolism (Policicchio S et al., 2018). However, 

studies examining DNA methylation differences associated with SB have 

primarily focussed on candidate genes (Labonte et al., 2012b, Ernst et al., 2009a, 

Fiori et al., 2011, Keller et al., 2010) and few have examined genome-wide DNA 

methylation differences in the brains of suicide completers (Haghighi et al., 2014, 

Murphy et al., 2017). The availability of brain samples is a major challenge for 

neuropsychiatric research and many previous studies examining DNA 

methylation variation in suicide are performed on a limited number of post-

mortem brain samples (Murphy et al., 2017, Fiori et al., 2012, Maussion et al., 

2014). Such small studies have reduced statistical power to detect small changes 

in DNA methylation levels. The objective of this study was to identify suicide-

associated DNA methylation differences in the human brain by utilising previously 

published and unpublished methylomic datasets. 
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3.2 Aims 

Genome-wide DNA methylation profiles were available from post-mortem brain 

samples of suicide completers and non-psychiatric, sudden-death controls for a 

total of seven cohorts (PFC: four cohorts, n = 211; CER: three cohorts, n= 114). 

Methylomic data were meta-analysed for each brain region separately.  

Main objectives of this study were: 

1. To identify differentially methylated positions (DMPs) associated with SB 

in each brain region separately. 

2. To identify differentially methylated regions (DMRs) associated with SB in 

each brain region separately. 

3. To assess whether DNA methylation differences are significantly 

correlated between the two brains regions examined. 

4. To investigate whether suicide-associated DMPs are enriched among 

functional pathways relevant to neuropsychiatric phenotypes and 

suicidality by performing gene ontology enrichment analysis in each brain 

region separately. 

5. To examine whether DNA methylation within a PFC suicide-associated 

DMR (PSORS1C3 DMR) is associated with expression of nearby genes, 

PSORS1C3 and POU5F1. 
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3.3 Materials and Methods 

 

 

3.3.1 Sample collection / data recruitment  

For the PFC meta-analysis, I included four independent previously published 

studies (Kozlenkov et al., 2017, Guintivano et al., 2013, Murphy et al., 2017, 

Viana et al., 2017) aimed at profiling DNA methylation in human PFC in non-

psychiatric controls and individuals with a diagnosed axis I psychiatric disorder  

According to the Diagnostic and Statistical Manual of Mental Disorders (DMS)  

edition IV, which provides a standardized classification system for the diagnosis 

of mental health disorders, Axis I includes any mental health conditions (other 

than personality disorders and mental retardation) and substance use disorders 

(American Psychiatric Association, 2000). Only data from individuals who died by 

suicide and non-psychiatric controls were included for the initial meta-analysis. In 

two of the four studies selected (Guintivano et al., 2013, Kozlenkov et al., 2017), 

DNA methylation was profiled from fluorescence-activated cell nuclei sorted 

(FANS) neurons, with the remaining two studies performed in bulk tissue (Murphy 

et al., 2017, Viana et al., 2017). Raw DNA methylation data for all  four studies 

are deposited in the Gene Expression Omnibus (GEO) database (accession 

number: GSE89707, GSE88890, GSE98203, GSE41826) and full details of the 

sample cohort can be obtained from the original studies (Viana et al., 2017, 

Murphy et al., 2017, Kozlenkov et al., 2017, Guintivano et al., 2013). For the CER 

meta-analysis, three DNA methylation datasets were included two of which are 

currently unpublished (GSE137222 and GSE137223). Raw DNA methylation 

data for the CER published EWAS study (Viana et al., 2017) is deposited in GEO 

database (accession number: GSE89702). The unpublished studies were 

approved by the University of Exeter Medical School Research Ethics Board 

(REB).  In all three CER cohorts DNA methylation profiles were derived from bulk 

brain tissue and cases were individuals who died by suicide (hanging, jumping 

from height, intentional poisoning, self-harm/bleeding). Cause and manner of 

death as well as joint presence of psychiatric diagnosis were determined by a 

forensic pathologist after evaluating autopsy results, circumstances of death, 

data from extensive toxicological testing, police reports, family interviews and 

medical records.  
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Controls were individuals who died suddenly (e.g. cardiac failure, viral infection, 

or accidents) and did not have evidence of axis I disorders. See Table 3.1 for a 

complete description of sample selection and demographic characteristics of 

each cohort. 
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Table 3.1 Demographics summary of discovery cohorts 
P

re
fr
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Cohort 
N 

Age at 
death (yrs) 

Sex PMI (hrs) 
Brain  

weight (g) 
pH 

Illumina 
Array 

Neuronal 
Comp. 

 Mean (SD) M F Mean (SD) Mean (SD) 
Mean 
(SD) 

Platform Mean (SD) 

Viana J et al, 2016        

450 K 

 

Suicide Cases 11 31.5 (9.3) 10 1 56.2 (33) NA 13.1 (6.6) 0.3 (0.1) 

Non-Psychiatric Controls 24 43.6 (13.4) 20 4 41.6 (20) NA 8.9 (6.8) 0.3 (0.1) 

Total 35        

Guintivano J  et al, 2013        

450 K 

 

Suicide Cases 22 27.4 (16.6) 12 10 19.3 (6.5) NA NA Neuronal 

Non-Psychiatric Controls 35 35.2 (14.9) 16 19 15.9 (5.7) NA NA Neuronal 

Total 57        

Kozlenkov et al, 2017        

450 K 

 

Suicide Cases 21 31.5 (10.1) 16 6 4.1 (0.2) NA 6.9 (0.1) Neuronal 

Non-Psychiatric Controls 29 37.4 (13.7) 18 5 4 (1) NA 6.7 (0.2) Neuronal 

Total 50        

Murphy et al, 2017        

450 K 

 

BA11         

Suicide Cases 20 48.6 (20.8) 5 15 20 (15.6) NA 6.6 (0.3) 0.45 (0.06) 

Non-Psychiatric Controls 20 39.4 (19.5) 4 16 26.1 (20.5) NA 5.8 (3.5) 0.43 (0.11) 

Total 40        

BA25         

Suicide Cases 17 49.5 (22.4) 4 13 20.2 (16.9) NA 6.5 (0.2) 0.33 (0.09) 

Non-Psychiatric Controls 18 41.2 (19.6) 4 14 23.4 (18.7) NA 5.7(3.7) 0.33 (0.13) 

Total 35        

C
er

eb
el

lu
m

 
 

Viana e al, 2016        

450 K 

 

Suicide Cases 7 32.6 (9.4) 6 1 55.9 (34.5) NA 6.6 (0.4) NA 

Non-Psychiatric Controls 16 44.1 (16.2) 13 3 32.2 (16.1) NA 6.5 (0.3) NA 

Total 23        

Stanley Brain Bank 1        

450 K 

 

Suicide Cases 18 38.8 (10.9) 12 7 29.6 (16.2) NA 6.2 (0.2) NA 

Non-Psychiatric Controls 15 48.1 (10.6) 9 6 23.7 (9.9) NA 6.3 (0.2) NA 

Total 33        

Stanley Brain Bank 2        

EPIC 

 

Suicide Cases 21 42.8 (10.1) 10 11 37.6 (18.2) 1450.8 (121.5) 6.9 (0.1) NA 

Non-Psychiatric Controls 37 45.2 (9.3) 27 11 30.7 (15.1) 1435.2 (150.7) 6.6 (0.3) NA 

Total 58  
      

 Abbreviations: Prefrontal Cortex, PFC; Cerebellum, CER; Post-mortem Interval, PMI; Broadmann Area 11, BA11; Broadmann Area 
25, BA25. 

Table 3.1 Demographics summary of discovery cohorts. 
DNA methylation profiles were available for 2 brain regions ((Prefrontal cortex (PFC) and Cerebellum (CER)) 
from post-mortem brain samples of suicide completers and non-psychiatric, sudden-death controls and were 
meta-analysed across 7 suicide cohorts (PFC, n = 211; CER, n= 114)). Information about age at death, 
gender, PMI, brain weight, pH were available for each cohort selected for this meta-analysis study. Also, 
neuronal cell proportion estimates (derived from DNA methylation data using CETS ((Guintivano et al., 2013)) 
were available for the PFC cohorts only. 
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3.3.2 DNA methylation analysis  

DNA methylation was measured using the Illumina HumanMethylation450K 

BeadChip (“Illumina 450K array”) or Infinium MethylationEPIC BeadChip 

(“Illumina EPIC array”) platform (Illumina Inc., San Diego, CA, USA). To ensure 

consistency of the methodological approach, raw DNA methylation data (idat 

files) were recovered and each cohort was independently reanalysed, applying 

the same quality control (QC) and pre-processing pipelines. Briefly, QC checks, 

quantile normalization, and separate background adjustment of methylated and 

unmethylated intensities of type I and II probes were employed using the 

wateRmelon package in R (Pidsley et al., 2013). Probes on the X- and Y-

chromosomes were used to confirm sample sex. Only samples which passed 

stringent QC measures (>1% of sites with a detection P value >0.05) were 

included. Probes were filtered to exclude those with a bead count < 3 or > 1% of 

samples with detection P value > 0.05  as well as non-specific probes, potentially 

cross-reactive probes or probes near SNPs (Price et al., 2013, Chen et al., 2013) 

were removed across all samples. Only probes common to both the 450K Array 

and EPIC array were included in downstream analyses for the CER (Table 3.1 

reports which study used which BeadChip array). For the annotation of probes, 

the University of California, Santa Cruz (UCSC) RefGene name from Illumina’s 

annotation file were used and enhanced annotations to the UCSC Known Genes  

using publicly available catalogs such us GENCODE19 genes and CpG islands 

(https://www.gencodegenes.org/human/), ENCODE DNAse hypersensitivity 

sites (https://www.encodeproject.org/data/annotations/v4/), and FANTOM5 

enhancers (https://slidebase.binf.ku.dk/human_enhancers/)  were also 

incorporated since accurate quantification of DNA methylation at more regulatory 

regions has been shown to be essential for the understanding of the role of DNA 

methylation in human development and disease (Pidsley et al., 2016). All 

annotations use the human February 2009 (GRCh37/hg19) assembly. 

 

 

3.3.3 Estimating differential neuronal proportions 

The R package (available at www.cran.r-project.org), Cell EpigenoType Specific 

(CETS) mapper, designed for the quantification and normalization of differing 

neuronal proportions in genome-wide DNA methylation datasets was used as 

http://www.cran.r-project.org/
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previously described (Guintivano et al., 2013) to estimate brain cellular 

heterogeneity in each of the four PFC cohorts.  Similar estimates could not be 

obtained for the CER cohorts as the algorithm for the correction of brain cellular 

heterogeneity bias was developed using post-mortem frontal cortex data and 

NeuN is not expressed in CER Purkinje neurons (Guintivano et al., 2013) which 

are one of the most represented cell type in this region of the brain since 

constituting one of the three layers of the human cerebellar cortex (Cerminara et 

al., 2015). 

 

3.3.4 Data analysis  

Statistical analyses were performed using R statistical package (version 3.4.3). 

The β value is a ratio between methylated probe intensity and total probe 

intensities (sum of methylated and unmethylated probe intensities) and ranges 

from 0 to 1. Linear regression was used to examine differences in DNA 

methylation scores (reported as change in β value (∆β)) between suicide cases 

and controls at each CpG site, controlling for potential confounders based upon 

the information available and design of each study included. Covariates included 

in the linear model of all seven cohorts were: age, sex and chip. For those cohorts 

where the information was available and represented a potential source of 

variation, ethnicity (Guintivano et al, 2013 for PFC and GSE137222 for CER) or 

brain bank (Viana et al., 2017 for PFC) were also included as covariates in the 

model. In the PFC cohorts only (all four), adjustment for estimated neuronal 

proportions was performed. For one study (Murphy et al., 2017), DNA methylation 

differences were investigated across individual matched cortical regions 

(Brodmann area 11(BA11), Brodmann area 25 (BA25)) by fitting a linear mixed-

effect model using the lme4 R package (available at https://cran.r-project.org 

(Lattice, 2008)).  Specifically, brain region and sample ID were included in the 

model as random effects (‘within participants’ factors) while diagnosis, age, sex, 

PH and cellular composition were included in the model as fixed effects.  

 

 

 

https://cran.r-project.org/
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3.3.5 Meta-analyses 
 

3.3.5.1 Suicide completers versus non-psychiatric controls 

The results obtained from the linear regression were then meta-analysed for each 

brain region independently. A fixed-effect model, using the ‘metagen’ function in 

the R package ‘meta’, was applied by providing the regression coefficients and 

standard errors from each individual cohort to calculate weighted pooled 

estimates and to test for significance. Experiment-wide significance (P <1E-07) 

(threshold estimated from permutation analysis in a larger dataset (n = 675 

individuals) generated previously within my group for 450K array data (Hannon 

et al., 2016)) was chosen as multiple testing threshold to determine the strength 

of association between DNA methylation levels and suicide. Probes were ranked 

by P value, and Q-Q plots assessed to check for P-value inflation. QQ plots show 

the expected distribution of association test statistics (X-axis) across the probes 

compared to the observed values (Y-axis). Any deviation from the X=Y line 

implies a consistent difference between cases and controls across the whole 

genome (suggesting a bias or confounder). A perfect QQ plot should show a solid 

line matching X=Y until it sharply curves at the end (representing the small 

number – if there are any in fact - of true associations among thousands of un-

associated probes). 

 

3.3.5.2 Suicide completers versus non-suicide psychiatric controls 

In order to assess whether the observed suicide-associated DNA methylation 

differencesidentified in my original meta-analysis were driven by the psychiatric 

disorder comorbidity rather than being suicide-specific differences, a second 

exploratory analysis was performed in additional samples obtained from the CER 

datasets only, which had additional non-suicide psychiatric samples with DNA 

methylation data available (not included in the primary analysis reported here). In 

the second meta-analysis, each CER cohort consisted of suicide cases (that were 

included in the original meta-analysis) and psychiatric controls, where individuals 

had a diagnosed axis I disorders (MDD, SCZ, BPD) but had no documented 

evidence of SB. In total, the secondary meta-analysis included 130 samples 

(case group, N =50; control group, N =80). Results obtained from the linear 

regression were then meta-analysed using a fixed-effect model as described 

previously.  
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3.3.6 Region based analysis 

The results obtained from both the PFC and CER meta-analyses were used to 

perform a regional-based analysis using the Python module Comb-p (Pedersen 

et al., 2012), to identify suicide-associated DMRs. The Comb-p software groups 

spatially correlated DMPs (seed P value < 1E-03, minimum of three probes) at a 

maximum distance of 500 bp in each brain region. DMR P values were corrected 

for multiple testing using Šidák correction (Šidák, 1967) which corrects the 

combined P for na/nr tests, where na is the total number of probes tested in the 

initial EWAS and nr the number of probes in the given region. 

 

 

3.3.7  Gene ontology term enrichment analysis 

A previously described logistic regression approach (Lunnon et al., 2016) was 

used to test if genes (Illumina UCSC gene annotation) annotated to probes in the 

PFC and CER meta-analyses (DMPs with P ≤ 1E-04) predicted pathway 

membership, while controlling for the number of probes annotated to each gene. 

Briefly, pathways were downloaded from the Gene Ontology (GO) website 

(http://geneontology.org/) and all genes annotated to parent terms were also 

included. Genes containing at least one Illumina probe and annotated to at least 

one GO pathway were considered. Pathways were filtered to those containing 

between 10 and 2,000 genes and a list of significant (after correction for multiple 

testing- Bonferroni correction) pathways were identified as previously described 

(Lunnon et al., 2016). 

 

 

3.3.8 Functional follow-up of significant DNA methylation findings 

Tissue (n=71) from two regions of the cortex, BA11 (n=38) and BA25 (n=33), 

collected from 20 MDD suicide cases and 20 non-psychiatric sudden death 

controls was obtained from the Douglas Bell-Canada Brain Bank (DBCBB) 

(http://douglasbrainbank.ca/), further details are available in (Murphy et al., 

2017). Previously, my group performed DNA methylation profiling in these 

samples (Murphy et al., 2017) and the results of that study were included in this 

meta-analysis study. To examine whether the identified suicide-associated DMR 

http://geneontology.org/
http://douglasbrainbank.ca/
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(PSORS1C3 DMR; Chr6:31,148,370-31,148,553 (Hg19), 2694 bp downstream 

the TSS of PSORS1C3 gene) is associated with the expression of nearby genes, 

expression levels of two nearby genes were measured in these brain tissue 

samples. Testing for association with gene expression was also performed firstly 

at the closest transcription start site (TSS) gene - the lncRNA gene, PSORS1C3 

- and then at the second closest gene, POU5F1 (See Figure 3.1 for details).  

Thirty mg of frozen PFC tissue from each brain sample was homogenized with 

Qiazol Lysis Reagent (Qiagen, Valencia, CA, USA), as per the manufacturer’s 

instructions, before running it through a QIAshredder (Qiagen, Valencia, CA, 

USA). Total RNA was extracted using the Qiagen miRNeasy Mini column-

purification system and treated with DNase I as outlined by the manufacturer. The 

Agilent 2100 Bioanalyzer was used to check the quality and concentration of the 

extracted RNA samples. 1ug of total RNA was reverse transcribed into 

complementary DNA (cDNA) (20-μL reactions) according to the manufacturer’s 

instructions using the Invitrogen VILO cDNA synthesis kit (Life Technologies Ltd, 

Paisley, UK). Three housekeeping genes Ubiquitin Conjugating Enzyme E2 D2 

(UBE2D2), Cytochrome C1 (CYC1), Ribosomal Protein L13 (RPL13) identified 

previously (Rydbirk et al., 2016) as being among the most stably expressed in 

the brain were used to normalise the target gene expression. Next, quantitative 

RT-PCR was performed in triplicate for each assay using the StepOnePlus Real-

Time PCR machine (Applied Biosystems, Cheshire, UK) and pre-optimized 

Taqman gene expression assays (Applied Biosystems, Cheshire, UK). A full list 

of the qPCR assays used is given in Table 3.2. PCR cycling conditions were as 

follow: 50°C for 2 minutes, 95°C for 20 seconds, and 40 cycles of 95°C for 10 

seconds and 60°C for 20 seconds. A stringent QC of raw qPCR data was applied, 

removing samples where there was high variability between triplicates (Ct > 0.5). 

The abundance of each test gene was determined by the comparative Ct method 

(Pfaffl, 2001), expressed relative to the geometric mean of the three 

housekeeping genes. Data were log2-transformed to ensure normal distribution 

and presented as a fold-difference in expression of suicide cases relative to 

controls using the 2−ΔΔCT method. To assess whether POU5F1 expression 

levels were associated with a history of suicide,  a linear mixed-effect model 

(LMM) was adopted using the lme4 R package (available at https://cran.r-

project.org) (Lattice, 2008) where ΔCt values of the target gene (POU5F1) was 

the response variable. Brain region and sample ID were included in the model as 

https://cran.r-project.org/
https://cran.r-project.org/
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random effects (‘within participants’ factors) while diagnosis, age, gender and 

neuronal proportion were included in the model as fixed effects. Finally, since 

450K array data were available from the same individuals, the correlation 

between gene expression levels and mean DNA methylation levels at the DMR 

was investigated.
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Figure 3.1 Figure showing the location within the human genome of the suicide-associated, PFC specific, PSORS1C3 DMR.  

The two genes examined as part of the functional validation of the meta-analysis findings are also shown. Source: UCSC Genome Browser 

(hg19). 
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Table 3.2  Pre-optimized TaqMan ® Assays for targeted gene expression analysis. 

Target 
Gene 

Symbol 

Target Gene 
Name 

Catalog. 
number 

Assay ID 
Chromosome Location 

(GRCh37) 
Assay Design 

Exon 
boundary 

Assay 
location 

Amplicon 
Length 

PSORS1C3 
Psoriasis 

Susceptibility 1 
Candidate 3 

4351372 Hs05014866_m1 
Chr.6: 31173735 - 

31177899 
Probe spans 

exons 
1-2 294 83 

POU5F1 
POU Class 5 
Homeobox 1 

4331182 Hs04260367_gH 
Chr.6: 31164337 - 

31170693 

Both primers 
and probe map 
within a single 

exon 

5-5 1400 77 

CYC1 
Cytochrome 

C1 
4331182 Hs00357717_m1 

Chr.8: 144095035 – 
144097527 

Probe spans 
exons 

5-6 832 73 

RPL13 
Ribosomal 
Protein L13 

4331182 Hs00744303_s1 
Chr.16: 89560657 - 

89566829 

Both primers 
and probe map 
within a single 

exon 

6-6 866 137 

UBE2D2 
Ubiquitin 

Conjugating 
Enzyme E2 D2 

4331182 Hs00366152_m1 
Chr.5: 139561166 - 

139628434 
Probe spans 

exons 
5-6 937 70 

Abbreviations: GRCh37, Genome Reference Consortium Human genome build 37. 
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3.3.9  Validation with bisulfite-PCR-pyrosequencing 

Independent technical verification was performed using bisulfite PCR-

pyrosequencing to assay the top-ranked CER DMR located within the CERC2 

gene which was found associated with suicide in the CER meta-analysis (see 

section 3.4.4.1 for details). BS pyrosequencing, as described in Section 2.11 of 

Methods, was used to quantify DNA methylation across four individual CpG sites 

(cg01010211, cg03408904, cg13762691, cg24074477) spanning from 17956453 

to 17956561 within chromosome 22 (hg19). BS conversion was performed using 

the Bisulfite-Gold kit (Zymo research, USA). PCR amplification of a 177 bp 

amplicon was performed on sodium bisulfite treated DNA (see section 2.10) in 

duplicate. Subsequently, 10μl of each PCR duplicate were mixed to make a total 

of 20μl PCR product for each sample. The PCR products were incubated for 10 

minutes with Streptavidin Sepharose beads (Qiagen, UK) to immobilise and 

capture the biotin-labelled DNA strands. This was followed by washes in 70% 

ethanol (Sigma-Aldrich Corporation, St. Louis, MO, USA), denaturation solution 

(0.2M NaOH), and Pyromark wash buffer (Qiagen, Venlo, Holland). Denatured 

PCR products were then sequenced using 0.3 μM sequencing primer and Qiagen 

Pyromark enzyme and substrate in a PyroMark Q24 Instument (Qiagen, UK). 

Fully methylated control samples and negative controls were included in all 

experiments. DNA methylation was quantified in a subset of pre-frontal cortex 

samples available (described in details in section 3.3.8) using the Pyromark Q24 

system (Qiagen, UK) following the manufacturer's standard instructions and the 

Pyro Q24 CpG 2.0.6 software was used to retrieve DNA methylation values. 

The assay cycling conditions, primer sequences and reagents used in this thesis 

for the CERC2 PCR reactions, are described in Table 3.3, Table 3.4 and Table 

3.5, respectively. 
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Table 3.3  CERC2 Polymerase chain reaction (PCR) thermocycling conditions. 

 

 

 
Length 

(nt) 
Sequence 

Position 

(5’-3’) 

GC 

(%) 

Tm 

(ºC) 

CERC2_Fwd 

PCR primer 
23 [Btn]GGGAGGGAGTAGTGAGAGAAATA 458-480 47.8 60.9 

CERC2_Rev 

PCR primer 
25 TCTTAAAATACACACCCCTTCCTAC 634-610 40.0 60.7 

CERC2_Seq 

Primer 
20 ATCAACTCTACCCTTCCTTC 553-534 45.0 52.0 

Table 3.4 CERC2 Polymerase chain reaction (PCR) and pyrosequencing primer 
sequences. 

 

 

 

 

 

 

 

 

 

 

 

Step Temperature (ºC) Time N of Cycles 

Hotstart 95ºC 15 mins 1 

Denaturation 95 ºC 30 sec 

35 Annealing 60 ºC 30 sec 

Extension 72 ºC 1 min 

Final Extension 72 ºC 10 mins 1 

End 15 ºC ∞  
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Reagent Function Concentr
ation 

Volume 
(µL) 

Supplier Cat. No 

PCR Buffer B1 Maintains optimal pH 10X 2 Solis 
BioDyne 

01-02-01000 

Magnesium 
Chloride 
(MgCl2) 

Required substrate 
for the Taq 
polymerase 

3.0mM 1.2 Solis 
BioDyne 

01-02- 01000 

DNA 
nucleotides 

DNA bases needed 
for the synthesis of 
new DNA 

20mM 0.2 Fisher 
Scientific 

1183-3933 

Fwd PCR primer Short, single 
stranded 
oligonucleotides 
complementary to 
target sequence 

10μM 

0.2 

IDT  

Rev PCR primer 0.2 

Taq DNA 
Polymerase 

Heat resistant 
enzyme that 
catalyses the PCR 
reaction 

5U/μL 0.2 Solis 
BioDyne 

01-02- 01000 

DNA 
Single stranded BS 
treated DNA 

10ng/μL 2   

Ultra-pure 
Water 

Makes up reaction 
volume 

 14   

Table 3.5 CERC2 Polymerase chain reaction (PCR) optimisation - reagents and 
volumes. 
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3.4 Results  

An overview of the methodological approach used in this study is given in Figure 

3.2. Briefly, genome-wide patterns of DNA methylation was assessed in two brain 

regions (PFC and CER) obtained from suicide completers (n=91 and n=46 

respectively) and matched non-psychiatric, sudden-death controls (n=126 and 

n=68 respectively) profiled using the Illumina 450 K or EPIC array. Pre-

processing, normalisation and stringent QC were performed as previously 

described (see Methods section for specific details). The initial analyses focused 

on identifying DMPs and DMRs associated to suicide assessing each brain region 

independently. In order to detect differences in DNA methylation levels 

specifically driven by suicide, an additional analysis was conducted excluding all 

the non-psychiatric controls from the CER cohorts originally included in the meta-

analysis and a new meta-analysis was performed where individuals with 

documented Axis I psychiatric disorders (SCZ, MDD, BPD) and history of SB 

were compared to psychiatric cases without history of SB/suicide fatalities at the 

moment of death. Finally, functional evaluation of the second top-ranked suicide-

associated DMR in the PFC (genomic location chr6:31148370-31148553) was 

performed using a subset of samples for which post-mortem brain tissue was 

available while for the top-ranked suicide-associated DMR in the CER (genomic 

location chr22:17956453-17956561) independent technical validation was 

attempted using gDNA from a subset of samples available from one of the three 

CER cohorts (Viana et al., 2017) included in the meta-analysis.   
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Figure 3.2 Methodological pipeline overview for DNA methylation analysis. 

Flow chart describing the methodological meta-analysis approach used in this chapter. 

Data pre-processing, QC, normalisation and linear regression analysis were applied to 

each individual dataset selected for the study. The meta-analysis was performed across 

datasets but in each brain region separately. Initial quality control was performed on 

signal intensities for each probe and all samples underwent to further quality-control 

checks. Stringent quality control measures were employed. Non-specific probes and 

probes on the X and Y chromosomes were removed. Quantile normalisation and 

background adjustment of M and U intensities of probes were employed using 

Watermelon R package. Linear regression was used to examine differences in DNA 

methylation scores (reported as changes in beta values (Δβ) between suicide completers 

and CTRs at each CpGs site, controlling for potential confounders. The results from the 

linear model were then met-analysed for each brain region separately. A fixed effects 

meta-analysis of four PFC suicide cohorts was performed using the ‘metagen’ function 

in the R package ‘meta’. The results obtained from both the PFC and CER meta-analysis 

were used to perform a regional-based analysis using the Python module Comb-p, to 

identify suicide-associated differentially methylated regions (DMRs). In addition, 

functional consequences of variable DNA methylation within a PFC suicide-associated 

differentially methylated region (PSORS1C3 DMR) were examined by assessing 

expression levels of nearby genes (real-time qPCR using pre-optimized Taqman 

assays). Abbreviations: Prefrontal Cortex, PFC; Cerebellum, CER. 
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3.4.1 Sample and cohort quality control 

The raw DNA methylation data generated from the PFC (91 cases and 126 

controls) and CER (46 cases and 68 controls) samples used in this chapter were 

pre-processed and normalised in each cohort separately as described in Chapter 

2 section 2.9.3. All computations and statistical analyses were performed using 

R 3.3.2 and Bioconductor 3.5 (Gentleman et al., 2004). Signal intensities for each 

probe were extracted using Illumina GenomeStudio software (Illumina, San 

Diego, CA, USA) and imported into R as a methylumi object. Initial QC checks 

were performed using functions in the methylumi and minfi packages (Aryee et 

al., 2014, Davis S et al., 2014). 

 

 

3.4.1.1 Signal Intensities check 

As robust indicator of sample quality, the median methylated signal intensity and 

unmethylated signal intensity for each sample was calculated and samples with 

signal intensities less than 2000 were removed (see Figure 3.3 for an example). 

This threshold has been routinely applied within my group based upon 

experimental evidence observed in EWAS of blood samples (Hannon et al., 

2018). Worth noting, this arbitrary cut-off has been recently revised and amended 

to 1500 since in brain samples the signal intensity distribution has been found to 

be generally lower compared to blood DNA samples. Prior data normalisation, 

further QC steps such as evaluation of the BS conversion efficiency, multi-

dimensional scaling and DNA methylation tissue predictor (results reported in 

section 3.4.1.2 to 3.4.1.5), have been incorporated to exclude outliers and to 

ensure that only samples generating good quality data were considered at the 

stage of data normalisation. 
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Figure 3.3 Example of raw signal intensities check as part of data quality control. 
A) One of the PFC (GSE89707) and B) one of the CER cohorts (GSE137222) included in the suicide meta-analysis. The inspection of raw signal 
intensity across all samples is one way to identify poor performing samples (Wilhelm-Benartzi et al., 2013, Gujar et al., 2018). The median methylated 
signal intensity and unmethylated signal intensity for each sample was calculated per each individual cohort and samples which had signal intensities 
less than 1500 were excluded from further analysis.  
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3.4.1.2 Sodium bisulfite conversion rate  

The ten sodium bisulfite conversion control probes on the array were used to 

calculate the efficiency of the conversion reaction and samples showing a score 

less than 90% were excluded from analysis (see Figure 3.4). No individual 

probes were discarded based on the BS conversion metrics.  

 

 

Figure 3.4 Histogram showing an example of the sodium bisulfite conversion rate. 

A) One of the PFC (GSE89707) and B) one of the CER cohorts (GSE137223) included 

in the suicide meta-analysis. Only samples below the 90% bisulfite conversion threshold 

were excluded from further analysis. 
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3.4.1.3  Multi-dimensional scaling (MDS) 

For each individual cohort, multi-dimensional scaling of both X and Y 

chromosomes were used to assess concordance between sex as recorded on 

post-mortem records and predicted sex using the 65 control SNPs (Figure 3.5).  

 

 

Figure 3.5 Example of Multi-dimensional scaling plot of sex chromosomes. 

X-chromosome (A) and Y-chromosome (B) probes across all the samples of one of the 

CER cohort included for the meta-analysis (GSE137223). Reference line added, x-axis 

>0 =F, x-axis <0 =M.  F, Female; M= Male. This was used to assess concordance 

between recorded and predicted sex in all samples in each individual PFC and CER 

cohorts included in the meta-analysis. 

 

 
 

MDS plots of probes located on each of the autosomal chromosomes and for the 

thousand most variable probes across all samples were also used to check for 

group status (suicide/ctr) and batch effects related to microarray loading (see 

Figure 3.6 for examples) in each individual cohort. Brain bank and ethnicity were 

also assessed as potential confounders in those PFC cohorts (GSE89707 and 

GSE41826 respectively) where these data were available and represented a 

potential source of bias (data not shown).
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Figure 3.6 Examples of Multi-dimensional scaling (MDS) based data quality control revealing the existence of cohort substructures 
and sample relationships. 
Plots were coloured by A) microarray chip, B) diagnosis (0= non-psychiatric control, 1= suicide) and different plot point styles were chosen 
to represent the sexes (Male, empty circle; Female, cross). In plot A is reported the data distribution for one of the PFC dataset (GSE88890). 
The samples do not show to cluster by microarray chip ID indicating that no obvious batch effect is associated with samples loading 
(technical variation) however samples do cluster by sex. Data shown in plot B belong to one of the CER cohorts (GSE137222) and similarly 
reveal samples clustering by sex but no by diagnosis.
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3.4.1.4 DNA methylation age calculation and tissue prediction 

The DNA methylation age online calculator (Horvath, 2013, Horvath, 2015) 

https://dnamage.genetics.ucla.edu/home) was used to estimate DNA methylation 

age for each sample. The DNA methylation age calculator was developed using 

8,000 samples from a broad range of healthy tissues, cancer tissues and cell 

lines. The calculator allows the estimation of DNA methylation age from a 

complete 450K dataset, using weighted average data from 353 ‘clock CpGs’, 

which is then transformed to DNA methylation age using a calibration function. 

Correlation coefficients between the chronological age and DNA methylation age 

was calculated for each sample from each cohort.  

The tissue prediction feature within the online DNA methylation age calculator 

tool was used to predict the tissue of origin of each sample (Horvath, 2013) - 

https://dnamage.genetics.ucla.edu/home ). This tool can be helpful in identifying 

mislabelled samples, although the author himself suggests caution in interpreting 

the predictions. All the samples that survived QC had matching reported tissue 

with the tissue predicted by the age calculator (“Brain prefCTX” and “Brain 

CRBLM” respectively). Moreover, the DNA Methylation age calculator (Horvath, 

2013) also predicts sex from DNA methylation data. All the samples that passed 

QC had matching reported sex with the sex predicted by the age calculator (data 

not shown). 

 
 

3.4.1.5  Cell composition estimates 

The epigenetic profile of a cell contributes to its unique gene expression pattern 

and DNA methylation is known to be a marker of cell and tissue type (Roadmap 

Epigenomics et al., 2015, Rivera and Ren, 2013). Therefore using bulk tissue 

samples with a heterogeneous population of cells has obvious implications in 

EWAS which have made necessary the development of approaches to estimate 

cell type composition in different human tissues (Houseman et al., 2015, 

Guintivano et al., 2013). 

In this study neuronal proportion was estimated for each sample using the Cell 

EpigenoType Specific (CETS) package in R (Guintivano et al., 2013) which 

estimates the cell type composition of a biological sample based on methylation 

data from Neun-sorted nuclei (Guintivano et al., 2013). One major limitation of 

this algorithm is that it has been developed and calibrated on DNA methylation 

https://dnamage.genetics.ucla.edu/home
https://dnamage.genetics.ucla.edu/home
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data from PFC samples which inevitably narrows its applicability on different brain 

regions given the considerable inter-tissue variability of DNA methylation (Byun 

et al., 2009). Moreover, age-related variation in the proportion of NeuN 

expressing (e.g. granule neurons) and non NeuN-expressing neurons (e.g. 

Purkinje neurons) has been reported in the CER proving CETS to be unsuitable 

for estimating cell composition in this brain region (Guintivano et al., 2013). For 

these reasons, the subsequent analyses on CER did not include neuronal 

proportion estimates as an independent variable. 

 
 

3.4.1.6 Data pre-processing and normalisation 

After these QC steps, remaining probes (≥400,000) in both PFC and CER were 

taken forward for analysis. Array data were normalised and the linear regression 

analysis was performed in each cohort individually and separately by brain 

region. Table 3.6 at the end of this section reports the exact numbers of probes 

which remained after data normalisation and those included in the meta-analysis 

performed separately in each brain region.  

 

3.4.1.6.1  Removal of non-specific and polymorphic probes 

The 65 SNP probes, probes on sex chromosomes (Price et al., 2013, Chen et al., 

2013) and probes with common (minor allele frequency (MAF) > 5%) SNPs in the 

CG or within 10 base pairs (bp) of single base extension position, as well as 

probes that are nonspecific or miss-mapped were flagged and discarded from the 

results (Chen et al., 2013). 

 

3.4.1.6.2 Sample and probe removal with pfilter 

The pfilter function of the wateRmelon package (Pidsley et al., 2013) was used 

to remove samples where 5% of sites had a detection p-value > 0.05. Specific 

sites were also removed if the beadcount was less than three in 5% of samples 

or if 1% of the samples had a detection p-value > 0.05 at that position. No 

samples were discarded at this stage of the analysis in any of the individual 

cohorts while between 2000 and 10000 sites were removed from the individuals 

PFC/CER cohorts. Plotting the mean raw β values density for all BS samples 

revealed a bimodal distribution (see Figure 3.7 for an example).  
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3.4.1.6.3 Methylation beta densities 

Data was pre-processed using the R package wateRmelon using the dasen 

function as previously described (Pidsley et al., 2013). DNA methylation (β) 

values were calculated from unmethylated (U) and methylated (M) signal [M/(U + 

M + 100)] and ranged from 0 to 1 (corresponding to 0 to 100% DNA methylation). 

Figure 3.8 is representative of the distribution of the mean β values before (A) 

and after (B) quality control and normalisation steps for all probes.  

 

 

  
 
 
Figure 3.7 Density plot representative of the mean raw β values for all BS samples 
revealed a bimodal distribution.  
Data shown for one of the CER cohort (GSE89702) included in the study. 
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Figure 3.8 Density plots showing the β values distribution for one of the PFC cohort 

(GSE89707). 

Shown are the β values distribution before (A) and after (B) quality control and normalisation steps 

for all probes (black), type I probes (blue) and type II probes (red).
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Table 3.6 Table summarising the N of probes which passed all steps of the QC and 
data normalisation as well as the actual number of probes taken forward for the 
brain region-specific meta-analysis. 

 
 
 

3.4.1.6.4 Linear regression analysis 
 
For the identification of differences in DNA methylation levels at individual probe 

specifically associated to SB, I performed a quantitative analysis in each brain 

region separately where samples were analysed using a linear regression model. 

The pre-processed and normalised DNA methylation (β) values of each cohort 

were included as the dependent variable and disease status, chronological age, 

sex and chip as independent variables. The bioinformatically derived CETS score 

was also included as a covariate and regressed out in the PFC analysis.  

Other important phenotypical information (e.g. medication, smoking status) was 

not available and therefore these could not be included as independent variables. 

Although data have shown that ethnicity and smoking status can both be 

estimated from methylation data in peripheral tissue like blood tissue (Elliott et 

al., 2014) or placenta (Yuan et al., 2019), similar predictor tools have not been 

validated yet for brain tissue studies. Data were analysed separately for each 

brain region, probes were ranked by P-value, and Q-Q plots assessed to check 

for P value inflation (Figure 3.9).  

 

 

 

Brain 
region 

Cohort 
No probes after 
Normalisation 

No probes 
included for 

Meta-analysis 

PFC 

Viana J et al, 2017 428,152 

407,457 
Guintivano J et al, 2013 425,815 

Kozlenkov et al, 2017 423,164 

Murphy et al, 2017 416,863 

CER 

Viana e al, 2017 427,819    

394,909 Stanley Brain Bank 1  428,307   

Stanley Brain Bank 2 804,351 
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The adjusted DNA methylation values for each probe and sample were calculated 

as follows: 

  a) Repeating the linear regression model for each brain region and cohort 

without including suicide status as an independent variable; 

  b) Calculating the sum of the regression residuals and intercept for each probe 

and sample. 

A fixed effect meta-analysis on the adjusted mean DNA methylation values 

computed with inverse variance weights was performed for each probe using the 

metacont function from the meta package in R  (Schwarzer G et al., 2015) 

(https://cran.r-project.org/web/packages/meta/meta.pdf). Only the probes that 

survived QC and were common to all the cohorts included in each brain region 

(see Table 3.6 for exact numbers) were used in the meta-analysis. 

 
 
 
 
 

https://cran.r-project.org/web/packages/meta/meta.pdf
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Figure 3.9 A) Quantile-quantile (Q-Q) plot Primary Meta-Analysis Pre-frontal Cortex. 
Shown are the expected (x-axis) and observed (y-axis) quantiles in the meta-analysis of the PFC (four suicide cohorts included). QQ plot 
for the analysis in the human PFC highlights little evidence of systematic P-value inflation B) Quantile-quantile (Q-Q) plot Primary Meta-
Analysis Cerebellum. Shown are the expected (x-axis) and observed (y-axis) quantiles for the meta-analysis of the CER (three suicide 
cohorts included). The Q-Q plot for DNA methylation in the CER shows evidence of P value inflation in the analyses which could be explained 
by the impossibility to rule out the effect of cellular heterogeneity on DNA methylation quantification in CER cohorts. The CETS algorithm 
used to estimate neuronal proportions indeed, is not applicable to the CER and cannot inform about disease relevant DNA methylation 
differences in cell type proportions. 
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3.4.2 Suicide-associated DMPs in human cortex  

One DMP (cg00963169) which reached experiment-wide significance (P =3.30E-

08 (Figure 3.10) was identified in the PFC. The effect size at this CpG site, 

located downstream of exon 1 of the neuron-specific protein coding gene, ELAV-

like RNA binding protein 4 (ELAVL4), was largely consistent across all cohorts 

included (see Figure 3.11), showing hypomethylation in suicide cases relative to 

non-psychiatric controls. Interestingly, the 20 most significantly (P <5E-05) 

suicide-associated differentially methylated loci identified in the PFC, listed in 

Table 3.7 include probes in the vicinity of several loci previously implicated in 

neuropsychiatric phenotypes. Appendix E - Supplementary Figure 3.1 reports 

the heatmap showing the DNA methylation profile of the suicide-associated most 

variable DMPs across the PFC cohorts included in the meta-analysis study. 

Worth noting that probe cg20705321, which is located in proximity of the 

C19orf38 locus on chromosome 19, reveals an opposite DNA methylation profile 

in the bulk cohorts (hypomethylation) compared to neuronal cohorts 

(hypermethylation)  suggesting that  DNA methylation differences can be driven 

by  specific cell types.
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Figure 3.10 Manhattan plot of CpG associations with suicide in a meta-analysis of suicide cases and non psychiatric controls in 
human PFC. 
Manhattan plot showing site-specific genome wide pattern of DNA methylation in the human Prefrontal Cortex (PFC). One CpG site 
(cg00963169) was identified as differentially methylated between suicide cases and non-psychiatric controls at experiment-wide significant 
(P=1E-07, indicated by the red line) in the PFC.  
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Figure 3.11 Top-ranked differentially methylated probe (DMP) in human Prefrontal Cortex (PFC). 
Forest plot showing the effect size at the top ranked CpG site (cg00963169) which is largely consistent across all the independent studies 

included. Each square represents the point estimate of the effect for a single study, and its size is proportional to the weight of this included 

study.The horizontal line through the square represents the confidence interval (usually 95% CI) around the point estimate.The diamond at 

the bottom of the forest plot shows the result when all the individual studies are combined together and averaged, therefore the diamond 

represents the pooled effect estimate. The placement of centre of the diamond on the x-axis represents the point estimate, and the width of 

the diamond represents the 95% CI around this estimate. If the diamond shape does not touch the line of no effect (middle verticle line), the 

difference found between the two groups is statistically significant. DNAmΔ, DNA methylation changes (%); SE, standard errors; CI, 

confidence interval. 
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Table 3.7 Top 20 suicide-associated DMPs in human PFC. 

 

Probe ID 
Mean  
Δβ (%) 

P-value 
(Fixed 
Effect) 

CHR Hg19 

Illumina 
Annotation 
(UCSC Ref 

Gene Name) 

Probe  
Type 

Gene annotation from GREAT 
(Distance from TSS) 

SNP in Probe 
Sequence (>10bp 

from SBE) 

cg00963169 -0.44 3.30E-08 1 Chr1:50513927 ELAVL4 I ELAVL4 (-60666), AGBL4 (-24302)  

cg20963696 1.06 3.78E-06 5 Chr5:10679606 DAP II DAP (+81780), ROPN1L (+237633)  

cg15362194 -0.30 3.92E-06 2 Chr2:98262546 COX5B I COX5B (+26)  

cg18663341 -0.86 5.06E-06 7 Chr7:45148416 TBRG4 II NACAD (-19924), TBRG4 (+2900)  

cg19477433 -1.08 5.15E-06 6 Chr6:168530427  II FRMD1 (-50589), DACT2 (+189974)  

cg20705321 -1.07 5.52E-06 19 Chr19:10958970 C19orf38 I C19orf38 (-135)  

cg07951810 0.57 5.79E-06 12 Chr12:65153561 GNS II GNS (-336)  

cg15570432 -0.86 7.33E-06 20 Chr20:30460881 TTLL9 II DUSP15 (-2403), TTLL9 (+2377)  

cg08847533 -0.66 9.46E-06 14 Chr14:75593920 NEK9 I NEK9 (-143) rs12889309 

cg00264958 -0.84 1.44E-05 17 Chr17:48023189  II TAC4 (-97811), DLX4 (-23372) rs12937307 

cg00409434 -1.54 1.59E-05 2 Chr2:46414317 PRKCE II EPAS1 (-110223), PRKCE (+535275)  

cg26011314 -0.86 1.86E-05 6 Chr6:129255129 LAMA2 II 
LAMA2 (+50844), ARHGAP18 

(+776240) 
 

ch.1.3947147F -2.62 1.86E-05 1 Chr1:203693763 ATP2B4 II LAX1 (-40520), ATP2B4 (+97849)  

cg18392139 -1.20 1.89E-05 5 Chr5:56719150  II ACTBL2 (+59485), GPBP1 (+209250)  

cg18100887 6.38 1.98E-05 17 Chr17:34611341  II TBC1D3C (-19310), CCL3L1 (+14388)  

cg03976172 -1.76 1.99E-05 8 Chr8:106666746 ZFPM2 II OXR1 (-793405), ZFPM2 (+335600)  

cg02522906 -1.12 2.02E-05 10 Chr10:123450196  II FGFR2 (-92225), ATE1 (+237349) rs2132902 

cg19326874 -1.45 2.06E-05 4 Chr4:37903243 TBC1D1 II PTTG2 (-58812), TBC1D1 (+10539)  

cg21712019 -0.39 2.21E-05 19 Chr19:50316342 FUZ I FUZ (+224)  

cg17872838 1.65 2.22E-05 13 Chr13:52607339 UTP14C II UTP14C (+4399), NEK5 (+95874)  

Abbreviations: PFC, Pre-frontal cortex; DMPs, differentially methylated positions; Hg19, Human Genome version 19; GREAT, Genomic Regions Enrichment 
of Annotations Tool; TSS, transcription start site; UCSC, University of California, Santa Cruz Genome Browser, SBE, Single binding extension. 
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3.4.3 Suicide-associated DMPs in human cerebellum 

In the CER, 6 probes (cg14392966, cg17855963, cg25590492, cg12284382, 

cg10757978, cg04525580) passed the experiment-wide significance threshold (P 

<1E-07) (Figure 3.12). Of interest is the top-ranked DMP, cg14392966 (P 

=3.06E-11) which is located within the coding region (exon1) of the PUS3 gene 

on Chr11. This gene encodes a highly conserved enzyme responsible for 

posttranscriptional modification of tRNA and has been previously associated with 

intellectual disability (de Paiva et al., 2019) as well as severe neurodevelopmental 

disease (Abdelrahman et al., 2018). Figure 3.13 shows that this DMP is 

hypomethylated in two of the three cohorts in suicide cases compared to non-

psychiatric controls (Effect size = -0.79) showing that the direction of DNA 

methylation changes was not consistent across all three bulk studies assessed. 

Of interest, the sixth significant suicide-associated DMP found in the CER, 

cg04525580 (P = 9.08E-08) is located at the 5'-UTR of the interferon regulatory 

factor 2 (IRF2) gene. This locus plays an important role of transcriptional 

activation at promoters (Sun et al., 2018a) and regulate the expression of a 

variety of genes involved in immune responses in the brain (Drew et al., 1995). 

Finally, the top 20 suicide associated DMPs identified in this region, listed in 

Table 3.8, include probes in the vicinity of a number of loci previously implicated 

in the organogenesis of the CNS and cerebellum differentiation (e.g. ZIC1) or 

found to be crucial for the correct functioning of the brain (e.g. RASD2); 

furthermore, as shown in Appendix E - Supplementary Figure 3.2 the DNA 

methylation profile at each reported DMP is mostly consistent across the cohorts 

included. 
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Figure 3.12  Manhattan plot of CpG associations with suicide in a meta-analysis of of suicide cases and non psychiatric controls 
in CER. 
Manhattan plot showing site-specific genome wide pattern of DNA methylation in the human Cerebellum (CER). Six CpG sites were 

identified as differentially methylated between suicide cases and non-psychiatric controls at experiment-wide significant (P=1E-07, indicated 

by the red line) in the CER.
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Figure 3.13 Top-ranked differentially methylated probe (DMP) in human Cerebellum (CER). 
Forest plot showing the effect size at the top ranked CpG site (cg14392966) which shows inconsistent DNA methylation pattern across the 

independent studies included. This DMP, which was found hypomethylated in suicide cases compared to non-psychiatric controls in two of 

the three cohorts, is located in the promoter region of the pseudouridine synthase 3 (PUS3) gene encoding for a highly conserved enzyme 

responsible for posttranscriptional modification of tRNA. Each square represents the point estimate of the effect for a single study, and its 

size is proportional to the weight of this included study.The horizontal line through the square represents the confidence interval (usually 

95% CI) around the point estimate.The diamond at the bottom of the forest plot shows the result when all the individual studies are combined 

together and averaged, therefore the diamond represents the pooled effect estimate. The placement of centre of the diamond on the x-axis 

represents the point estimate, and the width of the diamond represents the 95% CI around this estimate. If the diamond shape does not 

touch the line of no effect (middle verticle line), the difference found between the two groups is statistically significant. DNAmΔ, DNA 

methylation changes (%); SE, standard errors; CI, confidence interval.
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Table 3.8 Top 20 suicide-associated DMPs in human CER.

 

Probe ID 
Mean 

Δβ 

P-value 
(Fixed 
Effect) 

CHR Hg19 
Illumina 

annotation 
Probe  
Type 

Gene annotation from GREAT 
(Distance from TSS) 

SNP in Probe 
Sequence  

(>10bp from SBE) 

cg14392966 -0.786 3.06E-11 11 Chr11:125773125 DDX25;PUS3 I DDX25 (-1146), PUS3 (-10)  

cg17855963 1.644 5.37E-10 6 Chr6:15873800  II MYLIP (-255516), DTNBP1 (-210512)  

cg25590492 -1.504 2.22E-09 3 Chr3:147129952 ZIC1 II ZIC1 (+2772)  

cg12284382 -2.662 5.92E-09 22 Chr22:35940438 RASD2 II RASD2 (+3087), MB (+72945)  

cg10757978 3.261 5.84E-08 8 Chr8:70623125 SLCO5A1 II SULF1 (+83119), SLCO5A1 (+124173) rs2933044 

cg04525580 1.156 9.08E-08 4 Chr4:185352181 IRF2 II ENPP6 (-213068), IRF2 (+43544)  

cg08087379 4.569 1.08E-07 22 Chr22:31364274 TUG1;MORC2 II MORC2 (-88)  

cg08982904 2.912 1.34E-07 8 Chr8:43127238  I HGSNAT (+131647) rs62516805 

cg24197303 -1.704 1.35E-07 7 Chr7:157572599 PTPRN2 II DNAJB6 (+442890), PTPRN2 (+807882)  

cg07419968 -1.686 1.49E-07 1 Chr1:106339081  II NONE  

cg13702370 6.426 1.64E-07 11 Chr11:45844932  II CRY2 (-24024), SLC35C1 (+19310)  

cg13606991 6.278 1.87E-07 1 Chr1:182556113 RNASEL II RNASEL (+2280), RGSL1 (+136858)  

cg17330203 1.708 2.09E-07 10 Chr10:101515599 CUTC II ABCC2 (-26863), COX15 (-23177)  

cg22230538 0.595 2.49E-07 8 Chr8:28258841  I FZD3 (-92880), ZNF395 (-14865)  

cg24690692 -5.011 3.55E-07 7 Chr7:123842309  II TMEM229A (-168787), GPR37 (+563371)  

cg01767927 1.855 4.47E-07 17 Chr17:78821024 RPTOR II CHMP6 (-144616), RPTOR (+302400)  

cg06791979 -7.151 5.25E-07 17 Chr17:75474070 SEPT9 II TNRC6C (-526247), SEPT9 (+196579)  

cg03914925 1.712 6.75E-07 6 Chr6:170405976  II DLL1 (+193720), C6orf70 (+254256)  

cg10548399 2.184 1.04E-06 8 Chr8:143009151  II FLJ43860 (-491822), TSNARE1 (+475391)  

cg02464608 2.144 1.06E-06 3 Chr3:122631723 SEMA5B II SEMA5B (+114852), DIRC2 (+117823)  

Abbreviations: CER, cerebellum; DMPs, differentially methylated positions; Hg19, Human Genome version 19; GREAT, Genomic Regions Enrichment of Annotations Tool; 
TSS, transcription start site; UCSC, University of California Santa Cruz Genome Browser; SBE, Single binding extension. 
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3.4.4 Region-based analysis of altered DNA methylation in suicide 
completers 

The python module, Comb-p (Pedersen et al., 2012) was used to identify DMRs 

in suicide cases compared to controls in each brain region. The regional analysis 

identified three and eight significant (Sidak-corrected P <0.05) DMRs in the PFC 

and CER, respectively (See Table 3.9 for details). In the PFC, the top-ranked 

DMR was found within the WRB gene (Sidak-corrected P =5.11E-06) and was 

consistently hypomethylated across all five CpG sites in suicide cases relative to 

controls, in all four PFC methylomic studies (Figure 3.14). Of interest, the second 

top-ranked suicide-associated DMR in the PFC (Sidak-corrected P = 3.81E-05) 

was located upstream of the PSORS1C3 non-coding gene, a DMR previously 

reported by my group as associated with MDD suicide completers (Murphy et al., 

2017).  

In the CER, the top-ranked suicide-associated DMR was identified on 

chromosome 22, distributed along the intronic region of the CERC2 gene and 

spanning four CpG sites. The CERC2-associated DMR (Figure 3.15) showed 

significant hypermethylation (Sidak-corrected P =5.68E-07) across all four CpG 

sites within the region in suicide cases compared with controls. The direction of 

this change was found to be consistent across all three CER methylomic studies. 
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Table 3.9.   Comb-p differentially methylated region (DMR) analysis 

Brain region                          Hg19                         Annotated gene (UCSC)         No.  Of probes           Slk P-value            Sidak P-value 

        PFC              chr21:40759534-40759695                         WRB                                   5                         2.02E-09                    5.11E-06 

                             chr6:31148370-31148553                       PSORS1C3                            10                        1.71E-08                   3.81E-05 

                             chr22:38071168-38071189                        LGALS1                               3                         3.37E-08                   0.0006529  

 

        CER             chr22:17956453-17956561                        CECR2                                 4                         1.55E-10                    5.68E-07 

                             chrX:79590789-79590956                      CHMP1B2P                             4                         3.74E-09                    8.84E-06 

                             chr13:99100506-99100587                        FARP1                                 3                2.68E-09                    1.31E-05 

                             chr6:31838402-31838529                        SLC44A4                               5                2.68E-08               8.32E-05 

                             chr3:149374761-149374915                     WWTR1                                3                         7.56E-08                   0.0001938 

                             chr12:116756805-116756949                   MED13L                               3                8.64E-08              0.0002369 

                             chr1:1846046-1846155                            CALML6                                3                9.40E-08              0.0003406  

                             chr11:2397486-2397686                         CD81-AS1                              4                2.10E-06               0.004138 

Abbreviations: CER, Cerebellum; PFC, prefrontal cortex; Hg19,Human Genome version 19; UCSC, University of California, Santa Cruz Human Genome 
Browser. Stouffer-Liptak-Kechris correction (slk); one-step Sidak (1967) multiple-testing correction. 

 

Table 3.9 Differentially methylated regions (DMRs) analysis.  
Regional analysis was performed using the Python module Comb-p (Pedersen et al, 2012) to detect functionally relevant DNA methylation-suicide associations. 
Respectively, three and eight significant (Sidak corrected P < 0.05) DMRs were identified in the human PFC and CER.
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Figure 3.14 Suicide-associated differentially methylated region (DMR) in human 
Prefrontal cortex (PFC). 
Plot showing the effect size for the top-ranked DMR in the PFC. This DMR, spanning 

five CpG sites and located in the promoter region of the WRB gene (Sidak corrected P 

= 5.11 E-6) was found consistently hypomethylated in suicide cases compared to non-

psychiatric controls, across all four independent suicide brain cohorts included. The solid 

line is for illustration purposes and not indicative that the CpG sites between sites are 

also methylated. 
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Figure 3.15 Suicide-associated differentially methylated region (DMR) in human 
Cerebellum (CER). 
Plot showing the effect size for the top-ranked DMR in the CER. This DMR, spanning 

four CpG sites and located within the coding region of the CECR2 gene (Sidak corrected 

P = 5.68 E-7), was found consistently hypermethylated in suicide cases compared to 

non-psychiatric controls, across three independent suicide brain cohorts. The solid line 

is for illustration purposes and not indicative that the CpG sites between sites are also 

methylated. 
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3.4.4.1 Technical validation of the top-ranked DMR in cerebellum 
samples 

To further confirm that CERC2 epigenetic changes associated with suicide are 

driven by DNA hypermethylation, BS pyrosequencing was used to quantify DNA 

methylation across an extended region spanning four CpG sites (see section 

3.3.9 for assay details). None of the four CpG sites assessed were characterised 

by significant (P< 0.05) suicide-associated hypermethylation (see Appendix E -

Supplementary Figure 3.3) Due to time constraints additional pyrosequencing 

assays were not designed. However, the 450K assay data were previously 

validated within my group using bisulfite pyrosequencing in another study 

(Murphy et al., 2017). 

 

 

3.4.5 DNA methylation cross-region correlations 

To further investigate overlap between the two brain region-specific meta-

analyses  correlation was assessed between DNA methylation differences at the 

500 top ranked (based upon P values) suicide-associated probes identified in the 

CER and the DNA methylation differences in the same probes in the PFC (Figure 

3.16A) and vice versa (Figure 3.16B). Comparison of the PFC versus CER 

DMPs suggest low correlation between two datasets therefore very little overlap 

(Pearson’s R=0.09, P=0.043). In contrast, comparison of findings between the 

CER versus PFC DMPs showed a weak negative correlation (CER versus PFC: 

Pearson’s R= -0.10, P= 0.028; PFC versus CER: Pearson’s R= -0.09, P= 

0.043).Taken together, these data appear to suggest limited overlap in suicide-

associated DMPs across different brain regions. However, it is important to 

acknowledge that the two sets of probes (i.e top 500 based on P values ranking) 

selected to investigate potential cross-region correlations have very small effect 

size (<3% difference in DNA methylation for the majority of PFC probes) which 

makes difficult to draw definitive conclusion from this analysis. 
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Figure 3.16 DNA methylation cross-tissue correlations. 
Correlation of effect sizes (mean adjusted beta difference) across the two brain regions, PFC and CER, of matched probes at (A) 500 top-ranked CER 
specific suicide-associated DMPs and (B) 500 top-ranked PFC specific suicide-associated DMPs. (CER versus PFC: Pearson’s R= -0.10, P= 0.028; 
PFC versus CER: Pearson’s R= -0.09, P= 0.043).The red lines in correspondence of y=0 and x=0 devides each plot in four quadrants which help to 
visualise how concordant the effect sizes are as those in the top right and bottom left quadrants have the same direction of effect. Relationships of 
effect sizes can be observed in all quadrants of A and B suggesting thay the effect sizes in CER are not significantly correlated with the effect sizes in 
PFC. Overall the effect sizes in PFC appear to be much lower than those in CER. PFC, Prefrontal cortex; CER, Cerebellum; DMP, differentially 
methylated position.
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3.4.6 Suicide-associated DNA methylation differences - Bulk versus 
neuronal 

PFC bulk brain cohorts and FACS-sorted neuronal cohorts were meta-analysed 

separately in order to assess whether the results obtained in the primary meta-

analysis (see section 3.4.2 for details) were driven by a specific cell type.  

The site-specific genome wide DNA methylation analysis conducted in the 

neuronal datasets revealed that the association with suicide at the top-ranked 

PFC DMP (cg00963169) was largely driven by the neuronal cohorts (Effect size:-

0.48) (Figure 3.17). Moreover, two additional DMPs in the neuronal cohorts 

showed suggestive evidence for association (P < 5E−05): cg20705321 located in 

proximity (TSS200) of C19orf38 (P =4.75E-07) and cg11017923 associated to 

the ZBTB46 gene (P = 7E-07) (See Figure 3.18). Finally, no significant DMRs 

were identified when regional analysis was performed in the PFC neuronal 

cohorts. 
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Figure 3.17 Neuronal PFC Meta-Analysis - Top-ranked differentially methylated probe (DMP). 
Forest plot showing the effect size at the top ranked CpG site (cg00963169) when only the neuronal cohorts were included. Each square 
represents the point estimate of the effect for a single study, and its size is proportional to the weight of this included study.The horizontal 
line through the square represents the confidence interval (usually 95% CI) around the point estimate.The diamond at the bottom of the 
forest plot shows the result when all the individual studies are combined together and averaged, therefore the diamond represents the 
pooled effect estimate. The placement of centre of the diamond on the x-axis represents the point estimate, and the width of the diamond 
represents the 95% CI around this estimate. If the diamond shape does not touch the line of no effect (middle verticle line), the difference 
found between the two groups is statistically significant. DNAmΔ, DNA methylation changes (%); SE, standard errors; CI, confidence interval. 
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Figure 3.18 Neuronal PFC Meta-Analysis - Manhattan plot of CpG associations with suicide in a meta-analysis of suicide cases 
and non psychiatric controls. 
The top-ranked PFC CpG site (cg00963169) confirmed to be the most variable probe even when only the neuronal cohorts were included 

for the analysis (P =1E-07) in the PFC. Interestingly, two additional suggestive significance probes (ZBTB46-associated cg1107923, 

P=7.03E-07; c19orf38-associated cg20705321 P=4.8E-07) were identified. Experiment wide P value cut-off of 1E-07 is indicated by the red 

line while the suggestive significance P value cut-off of 1E-06 is indicated by the blue line. 
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Analysis of the bulk tissue cohorts identified no differentially methylated probes 

that reached experiment wide statistical significance. However, two suggestive 

significance suicide-associated DMPs were identified (see Figure 3.19): 

cg18100887 located in proximity of the D63785 gene (Closest TSS gene) and 

cg23563733 – located within the gene body of LAMA2 locus. The top-ranked 

DMP cg18100887 (P=4E-07) showed consistent hypermethylation in suicide 

cases relative to non-psychiatric controls (effect size=8.45) while the second top-

ranked DMP, cg23563733 (P=5.26E-07) was consistently hypomethylated in 

suicide cases relative to non-psychiatric controls (effect size= -3.83). 

Interestingly, the same locus, LAMA2, was also listed among the top 20 most 

variable DMPs (P = 1.86E-05) in the main PFC meta-analysis. 

Finally, Comb-P regional analysis was performed including exclusively the PFC 

bulk cohorts (N=2) and seven suicide-associated DMRs survived the multiple 

testing correction (Sidak corrected P ≤ 2.38E-04) (see Table 3.10 for details) 

among which the PSORS1C3 DMR (Sidak P= 3.81E-05) already identified in the 

main PFC meta-analysis showing therefore that methylation level at this region 

is likely to be the result of cumulative changes happening across multiple cell 

types rather than driven by a specific neural cell type. Of interest is the top-ranked 

DMR (Sidak P= 8.55E-11) which is associated to the CD2 locus, recently reported 

as involved in SCZ-related cognitive dysfunction in a mouse model (Grimm et al., 

2018). Also noteworthy is the second top-ranked (Sidak P= 1.06E-07) PFC bulk 

DMR associated to the gene encoding the zinc finger protein 57 (ZFP57) on chr6 

and spanning over 13 probes. Preferentially expressed early in development, 

ZFP57 it is a transcriptional regulator, acting in the maintenance of imprinting 

(Zuo et al., 2012, Li et al., 2008b) and in DNA methylation (Quenneville et al., 

2011, Plant et al., 2014). Methylomic changes (hypermethylation) at this locus 

have been reported in individuals with psychosis exposed in utero to endocrine 

disrupting compounds (Rivollier et al., 2017) and in a more recent study, ZFP57 

was found to be more methylated in cerebellar tissue of autistic female patients 

compared to female controls (Ladd-Acosta et al., 2014). Furthermore, SNPs in 

ZFP57 have been associated with the immune response (Ovsyannikova et al., 

2015) again reinforcing the hypothesis of the involvement of the immune system 

in SB. Lastly, in a study examining longitudinal changes of genome-wide blood 

DNA methylation profiles in relation to the development of post-traumatic stress 

disorder (PTSD) symptoms, decreased DNA methylation at the ZFP57 DMR was 
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found to be associated with susceptibility to PTSD and broader expression of 

psychopathology in two independent samples, and by using two techniques for 

measuring DNA methylation levels (pyrosequencing-based DNA methylation 

results and the array-based results) (Rutten et al., 2018). Another locus of 

potential interest identified through the regional analysis is the TAP binding 

protein (TAPBP) (Sidak P=9.93E-07), component of the antigen processing 

machinery of the MHCI pathway. In a mouse study, increased expression of 

TAPBP was found to be associated to age-related hippocampal changes (deficits 

in spatial learning and memory) that may contribute to cognitive decline 

(VanGuilder Starkey et al., 2012). Finally, worth mentioning is the Ceramide 

Synthase 3 (CERS3)-associated DMR. Located on chr 15 and spanning  over 

four CpG sites, this region remained nominally significant in the Bulk only analysis 

after multiple testing correction (Sidak P=2.38E-04). Ceramides are known to be 

important in embryogenesis (Rabionet et al., 2008, Park et al., 2010b) and this 

locus has been previously reported to be consistently differentially methylated in 

SCZ in a study investigating post-mortem PFC tissue in order to identify brain-

specific epigenetic markers of SCZ (Wockner et al., 2015) further supporting the 

idea that this locus is a key epigenetic factor in the aetiology of SCZ and normal 

brain neurodevelopment.
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Figure 3.19 Bulk PFC Meta-Analysis - Manhattan plot of CpG associations with suicide in a meta-analysis of suicide cases and 

non-psychiatric controls. 

No differentially methylated probes reached statistical significance when only bulk datasets were included in the Meta-Analysis. However, 

two suggestive significance probes (LAMA2-associated cg23563733, P=5.26E-07; cg18100887, P=4E-07) were identified. Experiment wide 

P value cut-off of 1E-07 is indicated by the red line while the suggestive significance P value cut-off of 1E-06 is indicated by the blue line. 
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Table 3.10 Bulk PFC Meta-Analysis, differentially methylated region (DMR) Analysis.  
Comb-p table reporting the details of the regional analysis. Seven DMRs identified in this meta-analysis survived the multiple testing 
correction (Sidak-corrected P ≤ 2.38E-04). 
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3.4.7 Suicide–associated DMPs identified in the CER are largely 
independent of comorbid psychiatric disorders. 

In order to disentangle the relative contribution of psychopathology to DNA 

methylation levels specific to suicide, an additional meta-analysis was conducted 

in the CER whereby all the non-psychiatric controls initially included in the meta-

analysis were excluded and individuals with documented Axis I psychiatric 

disorders (MDD, SZ, BD) and who died by suicide were compared to psychiatric 

cases without a documented history of SB /suicide fatalities (three cohorts, 

N=130, cases N=50, controls N=80). Comparison of the results (effect sizes at 

the top 500 (P < 0.05) DMPs) from the original CER meta-analysis and the 

secondary analysis revealed a strong positive correlation (P=2.2E-16; R=0.89) 

(Figure 3.20). Moreover, 2 of the 6 CER-associated DMPs (P <1 E-07) were 

nominally significant differentially methylated in suicide cases versus psychiatric 

controls analysis (cg10757978, P=1.19E-04; cg04525580, P=1.69E-02) and a 

similar direction of effect was observed for both analyses for the remaining four 

CER-associated DMPs (see Table 3.11 for details). A similar analysis in the PFC 

could not be performed due to lack of samples from individuals with an axis-I 

diagnosis who did not die by suicide. 
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Figure 3.20 Secondary Meta-Analysis, suicide-specific DNA methylation differences in Human Cerebellum. 

Correlation of effect sizes (adjusted beta difference) across the two suicide meta-analyses: a) Primary Meta-analysis (psychiatric suicide 

cases versus non-psychiatric controls) and (b) Secondary Meta-analysis (psychiatric suicide cases versus non-suicide psychiatric controls). 

Both plots showed a significant positive correlation between effect size at the most variable DMPs (Pearson’s R=0.89, Pearson’s R=0.83, 

respectively). The red lines in correspondence of y=0 and x=0 help visualise how concordant the effect sizes are as those in the top right 

and bottom left quadrants have the same direction of effect. The blue line indicate the correlation. PFC, Prefrontal cortex; CER, Cerebellum; 

DMP, differentially methylated position. 
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Probe ID 

Illumina 
Annotation 

(UCSC 
RefGene 
Name)  

CHR Hg19 
Probe  
Type 

 

Gene annotation from GREAT 
(Distance from TSS) 

Suicide vs 
Control 

(Mean Δβ) 

Suicide vs 
Control           

(P value) 

Suicide vs 
Psychiatric  
(Mean Δβ) 

Suicide vs 
Psychiatric                            
(P value) 

cg14392966 DDX25;PUS3 11 Chr11:125773125 I DDX25 (-1146), PUS3 (-10) -0.79 3.06E-11 -0.16 3.24E-01 

cg17855963  6 Chr6:15873800 II MYLIP (-255516), DTNBP1 (-210512) 1.64 5.37E-10 0.75 8.61E-02 

cg25590492 ZIC1 3 Chr3:147129952 II ZIC1 (+2772) -1.50 2.22E-09 -0.32 1.89E-01 

cg12284382 RASD2 22 Chr22:35940438 II RASD2 (+3087), MB (+72945) -2.66 5.92E-09 -0.27 5.44E-01 

cg10757978 SLCO5A1 8 Chr8:70623125 II SULF1 (+83119), SLCO5A1 (+124173) 3.26 5.84E-08 2.66 1.19E-04 

cg04525580 IRF2 4 Chr4:185352181 II ENPP6 (-213068), IRF2 (+43544) 1.16 9.08E-08 0.76 1.69E-02 

Abbreviations: CER, cerebellum;Hg19, Human Genome version 19; GREAT, Genomic Regions Enrichment of Annotations Tool; TSS, transcription start site; UCSC, 
University of California Santa Cruz Genome Browser; DMPs, differentially methylated probes. 

Table 3.11  Secondary Meta-Analysis in CER cohorts – Suicide-specific DMPs. 
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3.4.8 Pathway Analysis  

The biological relevance of findings was investigated through gene ontology 

analysis on genes annotated to suicide-associated DMPs (P ≤1E-04). Results 

revealed an enrichment of DNA methylation alterations in genes involved in 

cognitive processes such as long term synaptic depression and brain 

development (See Table 3.12 and Table 3.13).  Given the hierarchical structure 

of the Gene Ontology annotations, many associated terms are not independent 

and are associated by virtue of their overlapping pathway membership. Those 

pathways labelled as “independent” represent independent associations for 

which the enrichment is not driven or shared with a more significant term while 

the “non-independent” pathways are terms where the significant enrichment is 

explained by the overlap with a more significant term.  
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Table 3.12 Gene Ontology PFC meta-analysis Suicide-associated DMPs (P-value= 1E-04). 

 
 

Independent pathways Non-independent pathways 

ID Name Type 
nProbes
inPathw

ay 

nGene
sinPat
hway 

nTestL
istPro
besinP
athwa

y 

nTestL
istGen
esinPa
thway 

P.Genes
inTestLis

t 

GenesinTestListAndPat
hway 

ID Name Type 

GO:0009206 

purine 
ribonucleoside 
triphosphate 
biosynthetic 

process 

biological_process 1845 50 3 3 2.53E-09 COX5B|PRKAG2|TXNDC3 GO:0009145 
purine nucleoside triphosphate 

biosynthetic process 
Biological Process 

         GO:0009201 
ribonucleoside triphosphate 

biosynthetic process 
Biological Process 

         GO:0009142 
nucleoside triphosphate 

biosynthetic process 
Biological Process 

         GO:0009152 
purine ribonucleotide biosynthetic 

process 
Biological Process 

         GO:0006164 
purine nucleotide biosynthetic 

process| 
Biological Process 

         GO:0009260 
ribonucleotide biosynthetic 

process 
Biological Process 

GO:0030317 sperm motility biological_process 1570 69 3 3 1.92E-08 ATP2B4|ING2|TXNDC3 GO:0097722 sperm motility Biological Process 

GO:0097228 
sperm 

principal piece 
cellular_componen

t 
937 21 2 2 3.96E-08 ATP2B4|TXNDC3     

GO:0035640 
exploration 

behavior 
biological_process 806 24 2 2 9.30E-08 ABAT|PRKCE     

GO:0021549 
cerebellum 

development 
biological_process 4045 87 3 3 3.49E-07 ABAT|HSPA5|RFX4 GO:0022037 metencephalon development Biological Process 

GO:0021587 
cerebellum 

morphogenesi
s 

biological_process 1601 34 2 2 9.09E-07 HSPA5|RFX4 GO:0021575 hindbrain morphogenesis Biological Process 

         GO:0021695 cerebellar cortex development Biological Process 

GO:0006754 
ATP 

biosynthetic 
process 

biological_process 1496 38 2 2 1.81E-06 COX5B|PRKAG2     

GO:0043279 
response to 

alkaloid 
biological_process 5140 110 3 3 2.32E-06 ABAT|HSPA5|PRKCE     

GO:0050806 

positive 
regulation of 

synaptic 
transmission 

biological_process 7420 124 3 3 5.91E-06 ABAT|LAMA2|PRKCE     

GO:0060359 
response to 
ammonium 

ion 
biological_process 6063 125 3 3 6.22E-06 ABAT|HSPA5|PRKCE     
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Table 3.13 Gene Ontology CER meta-analysis Suicide-associated DMPs (P-value= 1E-04).

 

Independent pathways Non-independent pathways 

ID Name Type 
nProb
esinPa
thway 

nGene
sinPat
hway 

nTest
ListPr
obesi
nPat
hway 

nTestList
Genesin
Pathway 

P.Genesin
TestList 

GenesinTestLis
tAndPathway 

ID Name Type 

GO:1900452 

regulation of 
long term 
synaptic 

depression 

biological
_process 

415 12 3 3 1.46E-07 
DGKI|SHANK3|S
ORCS3 

    

GO:0043548 

phosphatidyli
nositol 3-

kinase 
binding 

molecular
_function 

1214 29 4 4 4.08E-07 
CBL|FYN|PIK3AP
1|RASD2 

    

GO:0046621 
negative 

regulation of 
organ growth 

biological
_process 

1554 28 4 4 5.54E-07 
KCNK2|PTK2|TB
X5|TP73 

GO:0055022 
negative regulation 
of cardiac muscle 

tissue growth 

 

         GO:0061117 
negative regulation 

of heart growth 
 

GO:0060044 

negative 
regulation of 

cardiac 
muscle cell 

proliferation 

biological
_process 

966 13 3 3 6.05E-07 
KCNK2|TBX5|TP7
3 

    

GO:0006555 
methionine 
metabolic 

process 

biological
_process 

654 20 3 3 3.90E-06 
AHCYL2|CTH|MA
T1A 

    

GO:0034236 

protein 
kinase A 
catalytic 
subunit 
binding 

molecular
_function 

1967 14 3 3 5.22E-06 
KCNQ1|PRKAR1B
|SOX9 
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3.4.9 Gene expression analysis of the PSORS1C3 DMR 

Given the replication of a PSORS1C3 DMR in suicide (Murphy et al., 2017) I 

aimed to functionally evaluate its effect on the expression of nearby genes. Gene 

expression levels of nearby annotated genes (PSORS1C3 and POU5F1) were 

quantified in a subset of sample for which brain tissue was available (two brain 

regions (BA11 and BA25, N=70; suicide cases (n=36), non-psychiatric controls 

(n=34)) and the correlation between expression levels of these selected target 

genes and mean DNA methylation at the suicide-associated DMR was examined. 

The analysis showed that in this sample set, PSORS1C3 lncRNA was not 

expressed in the PFC (Ct Value >31 or undetermined) (see Figure 3.21 for 

details). This result is consistent with findings in Genotype-Tissue Expression 

(GTEx) portal (Consortium, 2013) 

(https://www.gtexportal.org/home/gene/PSORS1C3), which shows little to no 

expression for this gene in brain samples examined (see Figure 3.22 adapted 

from GTEX). Next, expression levels of the second closest gene (POU5F1) to the 

suicide-associated DMR were examined. A linear mixed-effect model was used 

to compare mean dCt values between suicide cases and non-psychiatric controls 

and the analysis showed no significant difference in gene expression levels 

between the two groups (P = 0.598; Figure 3.23A). Furthermore, no significant 

correlation was found between mean DNA methylation at the suicide-associated 

region PSORS1C3 DMR and POU5F1 gene expression levels (Pearson’s R = 

-0.04, P =0.67; Figure 3.23B). 

 

 

https://www.gtexportal.org/home/gene/PSORS1C3
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Figure 3.21 Targeted gene expression assay for PSORS1C3 gene – Amplification Plot. 
Example of amplification plot and Ct values for eight samples (four cases, four CTRs). Each sample was run in triplicates per gene assay. 

Target gene: PSORS1C3; housekeeping genes: CYC2, UBED2, RPL13. Grey arrow, average Ct value for three housekeeping genes; 

Purple arrow, average Ct value for target gene PSORS1C3; blue arrow indicate Ct values for NTCs.
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Figure 3.22 Gene expression for PSORS1C3 (ENSG00000204528.3). 

Expression values are shown in TPM (transcript per million) calculated from a gene model with isoforms collapsed to a single gene. No other 

normalisation steps have been applied. Box plots are shown as median and 25th and 27th percentiles; points are displayed as outliers if they 

are above or below 1.5 times the interquartile range. Figure adapted from GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2).
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Figure 3.23 Gene expression levels of POUF15 gene in suicide cases and non-psychiatric controls. 

A) The association between POU5F1 gene-expression and disease status was analysed using a linear mixed effects model. No statistically 

significant difference in POU5F1 expression was observed (P = 0.5). B) Correlation between DNA methylation levels at PSORSC13 

DMR and POU5F1 gene expression levels. As DNA methylation in a promoter region is often associated with down-regulated gene 

expression I tested whether a negative correlation was present between gene expression levels (Delta Ct) of the POU5F1 gene and mean 

DNA methylation (%) measured at the nearby suicide-associated PSORSC13 DMR. No significant correlation was found (cor test= -0.05). 



207 
 

3.5 Discussion 
 

 

 

3.5.1 Overview of results 

In this study, previously published and unpublished methylomic datasets were 

utilised to perform a meta-analysis of variable DNA methylation in the brain of 

suicide completers. DNA methylation data were available for two different brain 

regions (PFC: four cohorts, n = 211; CER: three cohorts, n= 114) and data were 

meta-analysed across the suicide cohorts for each brain region separately. To 

my knowledge, this represents the most extensive methylomic study of suicide 

completers using post-mortem brain tissue to date. While several studies suggest 

the involvement of the PFC in SB (Schneider et al., 2015, Nagy et al., 2015b, 

Nagy et al., 2017, Murphy et al., 2017), suicide-associated epigenetic changes in 

the CER have not been investigated. However, the CER is known to play an 

important role in motor control, cognition, and emotional processing and is 

involved in a variety of psychiatric disorders, including MDD, BPD and SCZ 

(Phillips et al., 2015). SB in those with depression has been associated with a 

decreased cerebellar volume (Hwang et al., 2010) and low regional cerebral 

blood flow in the cerebellum(Amen et al., 2009). Moreover imaging studies have 

reported structural abnormalities associated to suicide attempt in MDD in cortical 

and subcortical regions, including cerebellum (Lee et al., 2016) and alterations in 

functional cerebellum networks were found in depressed patients with a suicide 

attempt history (Jung et al., 2019). Altogether these studies support the 

hypothesis of a potential involvement of CER in the psychopathology of 

attempted suicide in patients with MDD. I set out to further explore the role of 

DNA methylation and suicidality in this region as well as to determine if suicidality-

associated DNA methylation differences are brain region specific. 

 

 

3.5.2 Brain region specific suicide-associated DMPs 

Firstly, site-specific genome-wide patterns of DNA methylation was examined in 

suicide cases compared with controls in the PFC and CER separately. One DMP 

(cg00963169, P = 3.30E-08) which reached experiment-wide significance was 

identified in the PFC. This probe, located in the intronic region of the ELAVL4 
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gene, shows consistent hypomethylation in suicide cases compared to controls. 

The ELAVL4 gene has a known role in translation and stabilization of mRNA, 

especially in the brain, and acts as a negative regulator of proliferation, activity 

and differentiation in neural stem cells (Stawski et al., 2013, Akamatsu et al., 

2005). Through their mRNA stabilizing activities, this family of proteins modulate 

neuronal development and maintenance, and their altered activity has been 

implicated in neurological conditions (Ince-Dunn et al., 2012) and disorders 

including AD (Talman et al., 2016) SCZ (Yamada et al., 2011) and  ASD (Berto 

et al., 2016). Of interest, the association with suicide at this site was found to be 

largely driven by PFC cohorts derived from neuronal nuclei (see Figure 3.18). 

However, in these studies the neuronal fraction was identified through NeuN 

staining which is known for its broad specificity for most types of post-mitotic 

neuronal cells (Kim et al., 2009, Gusel'nikova and Korzhevskiy, 2015) which 

might explain the small change identified (DNAmΔ= -0.6). Thus, future replication 

of this finding in purified neuronal cells are required to confirm the neuronal-driven 

associations with suicide.   

Six probes (cg14392966, cg17855963, cg25590492, cg12284382, cg10757978, 

cg04525580) at experiment-wide significance threshold (P < 1E-07) were 

identified in the CER. The top-ranked DMP, cg14392966 (P = 3.06E-11), is 

located in exon 1 of the PUS3 gene. PUS3 encodes a highly conserved enzyme 

responsible for post-transcriptional modification of tRNA and has previously been 

associated with intellectual disability (de Paiva et al., 2019) and severe 

neurodevelopmental disease (Abdelrahman et al., 2018). The remaining DMPs 

include probes in the vicinity of several loci previously implicated in pathways 

relevant to neuropsychiatric phenotypes. For example, ZIC1 is thought to play an 

important role in neurogenesis and cerebellum differentiation (Yokota et al., 

1996), whereas RASD2 is known to modulate dopaminergic neurotransmission 

(Vitucci et al., 2016). Furthermore, the probe cg04525580 (P = 9.08E-08), is 

located at the 5'UTR of the interferon regulatory factor 2 (IRF2) gene. This locus 

plays an important role in transcriptional activation at promoters (Sun et al., 

2018b) and regulates the expression of a variety of genes involved in immune 

responses in the brain (Drew et al., 1995), further supporting a role for immune-

related pathways in suicide. 

 

 



209 
 

3.5.3 Region specific suicide-associated DMR identified in post-
mortem human brain 

To increase the power of the study to identify differences in DNA methylation 

levels between cases and controls and given that DNA methylation at adjacent 

probes is often correlated, the regional-based analysis, Comb-p, was employed 

to identify DMRs. My analysis identified three and eight significant (Sidak-

corrected P <0.05) DMRs in the PFC and CER, respectively.  

In the PFC, the top-ranked DMR, located in intron 1 of the WRB gene is 

consistently hypomethylated across all five CpG sites in suicide cases relative to 

controls, in all cohorts. Recent studies suggest a role for Wrb in photoreceptor 

synaptic transmission in zebrafish (Daniele et al., 2016) and the WRB locus was 

reported among the differentially expressed genes in a mouse model study 

looking at cognitive impairment and neuropathology in inidividuals affected by 

Down syndrome (Ling et al., 2014) further supporting the hypothesis of its 

involvement in the correct development and functioning of the CNS. The second 

top-ranked suicide-associated DMR in the PFC (Sidak-corrected P = 3.81E-05) 

was located upstream of the PSORS1C3 non-coding gene, a DMR previously 

reported within my group as associated with MDD suicide completers (Murphy et 

al., 2017). Although the function of this gene product remains unclear, it is thought 

to be a potential regulator of nearby immune-related genes (Nair et al., 2006) and 

is a known risk gene for psoriasis (Chang et al., 2006, Wisniewski et al., 2018), 

supporting a role in immune system regulation. To gain further insight into the 

role of this suicide-associated PSORS1C3 DMR on nearby gene expression a 

targeted gene expression assay was performed. No evidence of suicide-

associated differential gene expression of nearby genes, PSORS1C3 and 

POU5F1 was found in the PFC. However, when the effect of this DMR on gene 

expression was examined using a dual luciferase assay as part of a collaboration 

within my group (Policicchio S et al et al., 2020), the methylated PSORS1C3 DMR 

construct was found significantly associated with decreased expression of the 

reporter gene product, indicating that the methylation status of this DMR has the 

potential to modify promoter activity. This evidence strengthens the hypothesis 

that DNA methylation levels at this suicide-associated DMR are influencing 

expression in the region although the identity of the modified gene product remain 

unknown. It could be speculated that DNA methylation at this region is associated 
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with a different nearby gene or an unknown splice variant of either the 

PSORS1C3 or POU5F1 genes. Finally, an additional DMR was identified in the 

PFC; located on chromosome 22, in the promoter region of the LGALS1 gene. 

This gene is thought to play a role in immune system functioning (Vitucci et al., 

2016) and DNA methylation levels at this locus have been previously implicated 

in SCZ (Viana et al., 2017). 

 

In the CER, the top-ranked suicide-associated DMR, located in the intronic region 

of the CERC2 gene on chromosome 22, spans four CpG sites. This locus is 

known to be involved in the control of the periodic oscillation of cyclin E 

expression in proliferating cells likely through its histone deacetylase activity 

(Polanowska et al., 2001). The CERC2-associated DMR showed significant 

hypermethylation (Sidak-corrected P =5.68E-07) across all four CpG sites within 

the region in suicide cases compared with controls and the direction of this 

change was found to be consistent across all three independent CER methylomic 

studies. To the best of my knowledge, this gene has not been previously 

implicated in the pathology of SB. Seven additional suicide-associated DMRs 

were identified in the CER. Of interest is the DMR located in exon 10 of the 

SLC44A4 gene; a gene recently implicated in a study looking at the role of the 

major histocompatibility complex region in SCZ susceptibility (Yamada et al., 

2015). An additional suicide-associated DMR, worthy of further investigation, is 

located in exon 3 of the WWTR1 gene, a transcriptional coactivator known for its 

role in preserving neuronal health (Pfleger, 2017). Furthermore, a missense 

variant in this gene was recently associated with lower cognitive ability in a GWAS 

study for infant mental and motor ability (Sun et al., 2018b). Finally, a suicide-

associated DMR located upstream of MED13L gene was identified and genetic 

variants at this locus have been widely reported as associated with intellectual 

disability (Hamdan et al., 2014, Nizon et al., 2019) suggesting that this gene may 

play an important role in neurological development. 
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3.5.4 Additional analyses identified suicide diathesis-related DNA 
methylation differences in human cerebellum 

Since SB is often a symptom of a psychiatric disorder, distinguishing suicide 

diathesis-related DNA methylation differencesfrom those associated with mood 

disorders and other psychiatric diseases remains a challenge. In order to unravel 

the relative contribution of psychopathologies from DNA methylation differences 

specific to suicide, an additional meta-analysis in the CER was performed 

whereby individuals with documented Axis I psychiatric disorders (MDD, SCZ, 

BPD) and who died by suicide were compared to psychiatric cases without a 

documented history of SB. Comparison of the results (effect size of the top 500 

nominally significant (P<0.05) DMPs) from the original CER meta-analysis and 

the secondary analysis revealed a strong positive correlation (P=2.2E-16; 

R=0.89). Moreover, I replicated my findings for 2 of the 6 CER-associated DMPs, 

which reached multiple testing threshold in suicide cases versus psychiatric 

controls meta-analysis (cg10757978, P=1.19E-04; cg04525580, P=1.69E-02) 

and similar direction of effect was observed for the remaining loci. Taken together 

these findings suggest that suicide-associated DMPs identified in the CER by this 

study are largely independent of comorbid psychiatric disorders. Unfortunately, it 

has not been possible to perform the same analysis in the PFC due to the limited 

number of samples with no history of suicide while having an Axis-I diagnosis. 

 

 

3.5.5 Limitations 

Despite the power of the methodological approaches used in this study, there are 

several caveats. First, the modest number of studies included made this meta-

analysis relatively underpowered to detect small differences in DNA methylation. 

Despite this I was able to identify several DMPs and DMRs in both brain regions 

strongly associated to suicide. Another major limitation is that bulk brain tissue 

was used in most of the studies included in the meta-analysis and cellular 

heterogeneity is a well-known confounder in DNA methylation studies. In order to 

address this issue, a previously reported in silico method was used to estimate 

the neuronal proportion in each sample in bulk PFC cohorts and included these 

estimates as covariates in the statistical models used (Guintivano et al., 2013). 

This method could not be applied to the analysis of the CER and thus it is 

plausible that cellular heterogeneity is confounding some of the CER results. 
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Third, recent research has implicated the importance of other DNA modifications 

(i.e., 5-hydroxymethyl cytosine) in the brain (Branco et al., 2011). DNA 

methylation measurements in this study cannot be distinguished from 5-

hydroxymethyl cytosine (5hmC). Of interest, the presence of detectable 5hmC 

levels at statistical significant DMPs identified in this study in their respective brain 

regions was examined using the Hydroxymethylation Annotation in Brain 

Integrative Tool (HABIT) tool (http://epigenetics.iop.kcl.ac.uk/HMC/) (Lunnon et 

al., 2016). This tool identified detectable levels of 5hmC at various sites among 

which the suicide-associated DMPs cg00963169 (PFC) and cg17855963, 

cg04525580 (CER) suggesting that the majority of DMPs identified in this study 

are not confounded by 5hmC. However, future studies should attempt to examine 

the role of 5hmC in SB. Fourth, medication data, smoking information and method 

of suicide were not available for all individuals; thus, the possibility that the 

observed differences in DNA methylation levels are influenced by unaccounted 

confounders cannot be excluded. Fifth, I acknowledge the possibility that many 

of the associations reported (DMPs/DMRs) could be related to the severity and/or 

duration of the mental health disorder. From the secondary analysis in the 

cerebellum, I show that for certain top-ranked DMPs the association appears to 

be suicide-specific rather than driven by the underlying mental health disorder. 

Given the lack of information related to severity and/or duration of mental illness 

for samples included in this meta-analysis the contribution of the above 

mentioned confounders cannot be ruled out. 

 

 

3.5.6 Future directions 

Although this study presents evidence for novel DNA methylation differences 

associated with suicide, further replication using a larger sample size is required 

to support these results. Ongoing work in my group and others is focussing on 

using novel single cell approaches to examine cellular heterogeneity in complex 

tissues such as the brain and facilitate the identification of pathological changes 

in specific cells (and cell types). In addition, future studies could also examine the 

transcriptional consequences of the observed DNA methylation levels at the 

PSORS1C3 DMR on additional nearby genes and/or novel splice variants in the 

region. There is considerable interest in using DNA methylation based 

http://epigenetics.iop.kcl.ac.uk/HMC/
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biomarkers as predictors for suicide risk and previous studies (Clive et al., 2016, 

Sadeh et al., 2016, Kaminsky et al., 2015, Lockwood et al., 2015, Maussion et 

al., 2014, Guintivano et al., 2014) have identified polymorphic CpGs that can act 

as a unique molecular signature for suicide prediction. The data from this study 

provide many more candidate regions as potential biomarkers for suicide risk and 

also identify genes/networks potentially dysregulated in the suicidal brain. 

Furthermore, future work focusing on identifying differentially expressed miRNA 

could provide a more comprehensive understanding of gene regulation at both 

the transcriptional and post-transcriptional level helping to disentangle its role on 

molecular processes associated with suicide. Finally, integrated omics analysis 

could be performed to identify suicide-associated DNA methylation differences 

proximal to miRNA genes which are having a functional effect on mRNA 

expression levels. 

 

 

 

3.6 Conclusions 

This study, which utilises several published and unpublished suicide cohorts, has 

identified DMPs and several DMRs associated with suicide in both the PFC and 

CER, including the previously identified DMR upstream of the PSORS1C3 non-

coding gene. When examining the functional implications of methylation status at 

the PSORS1C3 DMR on gene expression levels in the region using a dual-

luciferase reporter assay, DNA methylation of this DMR was found to decrease 

expression of firefly luciferase but was not associated with expression of nearby 

genes, PSORS1C3 or POU5F1 suggesting that this DMR has the potential to 

influence gene expression but its target gene yet has to be identified. All together 

these evidence support the hypothesis that changes in DNA methylation levels 

are associated with suicide and may offer novel insights into the molecular 

pathology associated with suicidality. 
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Chapter 4 - Fluorescence Activated Nuclei Sorting 

(FANS) Protocol Development 
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4.1 Introduction 

The appearance and maintenance of multicellularity throughout evolution 

suggest that an advantage is conferred by multiple types of cells, each 

specialized in the execution of specific tasks (Arendt, 2008). This division of 

labour between distinct cell types is particularly prominent in the central nervous 

system (CNS), which is thought to contain thousands of neural cell types (Nelson 

et al., 2006, Bota and Swanson, 2007) that contribute to a variety of specialised 

functions. Even in a single brain region, individual neurons differ greatly in their 

morphology, connectivity and electrophysiological properties (Poulin et al., 2016). 

Differentiated cell phenotypes result from specific patterns of gene expression 

and long‐lasting changes in cellular properties involve gene transcription 

regulation. In addition to the interplay of numerous transcription factors, 

epigenetic marks, including histone and DNA modifications, as well as non‐

coding RNAs, play a crucial role in transcription regulation (Borrelli et al., 2008, 

Meaney and Ferguson-Smith, 2010). Epigenetic marks are characteristic of cell 

types thus providing further traces of the cell history. In neurons, it has been 

proposed that epigenetic modifications contribute to long‐lasting functional 

alterations reflecting environmental stimuli (Zhang and Meaney, 2010). 

Numerous studies have reported consistent and robust alterations in DNA 

modifications in psychiatric and neurodegenerative disorders (Kouter et al., 2019, 

Policicchio S et al et al., 2020, Watson et al., 2016, Hannon et al., 2016, Jaffe et 

al., 2016). However, there are some caveats associated with many of the studies 

undertaken to date; one of the most apparent is that they are performed on bulk 

tissue and therefore confounded by cellular composition. Consequently, the 

downstream interpretation of these studies is compromised. This is particularly 

true in neurodegenerative conditions like Alzheimer’s disease (AD) where 

alterations in the proportion of different cell types due to neuronal loss primarily, 

are well documented in AD brain (Andrade-Moraes et al., 2013, Smith et al., 

2020).  

The selective vulnerability of specific cell types in many neurodegenerative 

disorders is likely a result of the unique molecular properties of the affected cells. 

Furthermore, the latest SCZ GWAS findings have highlighted neurons as being 

the leading cell type involved in the pathogenicity (Ma et al., 2018, Yang et al., 

2018, Xie et al., 2018). Thus, obtaining the gene regulatory profiles of specific 
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cell types that are known for being implicated in disease will provide valuable 

insights into disease mechanisms and could ultimately lead to therapeutic 

approaches to prevent or reduce selective neurodegeneration. 

 

 

4.2 Neural cell diversity in the human cortex 

The human brain, unlike any other organ in our body, is comprised of a 

heterogeneous mix of cell types that assemble into functional circuits that reflect 

a complex interaction between the unfolding genetic program and environmental 

interactions (Molnar et al., 2019). The cerebral cortex, in particular, is composed 

of a huge variety of highly specialised cell types which are generated largely 

during embryonic development. This includes numerous subtypes of neuronal 

cells and various different non-neuronal cells among which oligodendrocytes, 

microglia and astrocytes are the most abundant as well as the best characterized. 

Figure 4.1 offers a schematic overview of the cell type differentiation in the brain 

during development while Figure 4.2 shows the different cell types and how these 

relate to each other). The cerebral cortex, which constitutes more than half the 

volume of the human brain, shows considerable differences in the composition 

and proportions of these elements and these variations in cell composition are 

likely to reflect the different computational functions distinct cortical areas have 

to perform (Johnson and Walsh, 2017). The cerebral cortex is presumed to be 

responsible for the neuronal computations underlying complex phenomena such 

as perception, thought, language, attention, episodic memory and voluntary 

movement (Molnar et al., 2019) hence it does not surprise that it is involved in 

many human psychiatric and neurological conditions. Elucidating the cellular 

architecture of the human cerebral cortex is therefore central to understanding 

cognitive abilities and susceptibility to disease as well as for a better 

comprehension of the mechanistic underpinnings of neuropsychiatric disorders. 

In the following sections, a brief overview of the main roles attributed to each 

major neural cell types is provided.
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Figure 4.1 Schematic diagram of brain development and different cell types. 
Parallel development of neural and immune cells of the CNS. Early CNS colonization by yolk sac -derived macrophages that give rise to microglia 

whereas neural progenitors generate neurons (left). At later embryonic stages (right), neural progenitors additionally produce oligodendrocytes and 

astrocytes in the parenchyma while the microglia undergo local differentiation. Figure adapted from (Thion et al., 2018).  
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Figure 4.2 Schematic representation of the variety of neural cell types in the 
human brain and their reciprocal interactions.
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4.2.1  Neurons 

The mammalian neocortex is an extremely complex, highly organized, six-

layered structure that contains hundreds of different neuronal cell types 

responsible for the highest levels of associative, cognitive and motor functions. 

In the cerebral cortex there are two broad classes of neurons both present in a 

plethora of different subtypes: inhibitory neurons (interneurons), which make local 

connections, and excitatory projection neurons, which extend axons to distant 

intracortical, subcortical and subcerebral targets (Lodato et al., 2015). Projection 

neurons are born from neural progenitors located in the developing proliferative 

zones of the dorsal telencephalon; they are glutamatergic and send long-distance 

axons to targets within and outside of the cortex (Molyneaux et al., 2007). Distinct 

populations of projection neurons are located in different cortical layers and 

areas, have unique morphological features, express different complements of 

transcription factors and ultimately serve different functions (Molyneaux et al., 

2007). Inhibitory neurons have evolved as a highly heterogeneous collection of 

cell types that display a great diversity of molecular signatures, 

electrophysiological properties, connectivity and synaptic dynamics; they are 

GABAergic and connect locally within the cortical microcircuitry (Kepecs and 

Fishell, 2014). Current estimates suggest that up to 50 different types of 

GABAergic neurons may populate the cerebral cortex, all derived from progenitor 

cells in the subpallium, the ventral area of the embryonic telencephalon (Lim et 

al., 2018).The activity of projection neurons is finely modulated by cortical 

inhibitory neurons. The molecular classification of anatomically identified 

projection neuron classes is only beginning to be known. Several studies have 

purified and transcriptionally compared distinct projection neuron subtypes, 

providing the first sets of class-specific genes (Bernard et al., 2012, Molyneaux 

et al., 2009, Heiman et al., 2008). A few important lessons have emerged from 

these molecular studies. Firstly, that each and every one of these cell type gene 

expression markers present different degrees of restricted expression in any 

given projection neuronal class and thus that only the combinatorial use of 

multiple genes can identify, one projection neuronal population versus the others. 

Secondly, the combination of genes that distinguish one projection neuron class 

at a given point in time may not do so at another, indicating that signature profiles 

of gene expression for individual classes of projection neurons are temporally 
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dynamic. Finally, many of these new molecular markers label only subsets of the 

current classes of anatomically-defined neurons. This indicates that canonical 

classes of projection neurons are likely further subdivided into subclasses and 

that each neuronal population is per se heterogeneous. Single-cell transcriptional 

profiling of individual populations has the potential to clarify the diversity within 

each class of projection neurons and, further, define the functional meaning of 

intra-population diversification (Lodato et al., 2015). 

 

 

4.2.2  Oligodendrocytes 

Oligodendrocytes are the CNS glial cells responsible for axonal myelination 

which is essential for proper signal conduction along neuronal axons and for 

maintaining brain homeostasis (Simons and Nave, 2015). Oligodendrocytes 

indeed form and maintain the myelin sheaths that insulate axons and organize 

the distribution of axonal voltage-gated ion channels, a prerequisite for 

conduction of action potentials and trophic support of axons (Ehrlich et al., 2017). 

Defects in myelin production and/or maintenance are the predominant 

pathological feature of several diseases, including leukodystrophies and multiple 

sclerosis (Franklin et al., 2012). In addition to myelination, oligodendrocytes have 

a role in trophic and metabolic support of neurons, fuelling oxidative 

phosphorylation in the mitochondria of axons (Garcia-Leon et al., 2018). 

However, the complete role of oligodendrocytes is still only partially understood 

and vary depending on the CNS region wherein they reside (Marques et al., 

2016). Lack of insight in human oligodendrocyte biology is in large part a 

consequence of the limited access to human oligodendrocytes (Chanoumidou et 

al., 2020) and difficulties in maintaining these cells in vitro (Monaco et al., 2012). 

Therefore, having access to human oligodendrocytes would represent a major 

step forward in studies aimed at understanding mechanisms that are deregulated 

in diseases with oligodendrocytes involvement. 

The oligodendrocyte lineage originates from multi-potent neural progenitor cells 

(NPCs). First, NPCs become primitive oligodendrocyte progenitor cells 

expressing Olig1/2, then committed oligodendrocyte precursor cells (OPCs; also 

known as oligodendrocyte progenitor cells), which persist in the CNS throughout 

life (Dawson et al., 2003). OPCs can further proliferate and differentiate into 
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mature myelinating oligodendrocytes (Zuchero and Barres, 2013, Emery, 2010, 

Wegner, 2008). The transition into each of these stages requires the coordination 

of transcriptional regulatory events closely interconnected (Berry et al., 2020) as 

well as significant morphological changes by forming branching cell processes. 

OPCs differentiate into oligodendrocytes not only during the development of the 

CNS but also in cases of pathological demyelination in the mature CNS 

(Boulanger and Messier, 2014). Previous studies have shown that OPCs can 

differentiate into not only oligodendrocytes but also astrocytes and neurons, 

depending on the area of the brain and stages during CNS development. 

However, the majority of the OPC population differentiates to oligodendrocytes 

(Nishiyama et al., 2014). In vitro, OPCs differentiate to oligodendrocytes under 

serum-free culture conditions, while their differentiation can be directed towards 

astrocyte-lineage cells under high-serum culture conditions (Behar, 2001). 

Classically, these astrocytic cells derived from OPCs are called type II astrocytes, 

which are distinguished from type I astrocytes derived from glial precursor cells 

(Behar, 2001). However, the functional differences between type I and II 

astrocytes in physiological and/or pathological conditions have not yet been 

elucidated. 

Deficits in the generation, proliferation, or differentiation of these cells or their 

maintenance have been linked to neurological disorders ranging from 

developmental disorders such as autism (Boddaert et al., 2009, Casanova, 2006, 

Deoni et al., 2015) as well as neurodegenerative diseases like Alzheimer’s 

disease (Tse et al., 2018, Mathys et al., 2019). In addition, dysregulation of the 

processes controlling proliferation and differentiation in the oligodendrocyte 

lineage has been linked to the development of various brain cancers (Huse and 

Holland, 2010). Many of the key factors underlying these processes are 

epigenetic regulators that act by reprogramming gene expression in response to 

changes in the local microenvironment (Abdul et al., 2017). For example, activity 

can promote myelination of axons by newly formed oligodendrocytes. Critical 

periods exist during oligodendrocyte differentiation and myelination in 

development and postnatally (Makinodan et al., 2012, Liu et al., 2012, Barateiro 

et al., 2016) when oligodendrocytes are highly receptive and adaptive to neuronal 

activity (Purger et al., 2016). The plasticity of myelinating oligodendrocytes and 

adaptive myelination are important for normal neural circuit functioning and 

cognition (Monje, 2018).Epigenetic regulation is likely the mean through which 
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the effects of local stimuli are carried out (Samudyata et al., 2020). Indeed, 

epigenetic modifications are often reversible and provide the necessary plasticity 

for progenitor cells to respond to environmental cues (Berry et al., 2020). 

 

 

4.2.3  Astrocytes 

Glial cells account for at least 75% of brain cells (Nagy et al., 2015b), and are 

implicated in a range of psychiatric disorders, including SCZ (Bernstein et al., 

2009), MDD (Rajkowska and Stockmeier, 2013) and suicide (Torres-Platas et al., 

2011, Ernst et al., 2011). Astrocytes are multifaceted brain glial cells with 

numerous functions, including immune regulation (Oberheim et al., 2012) and 

maintenance of neuronal functioning (Sidoryk-Wegrzynowicz et al., 2011). 

Astrocytes provide structural and trophic support for neurons (Sidoryk-

Wegrzynowicz et al., 2011), they maintain high rates of active oxidative glucose 

metabolism (Halford et al., 2017). They can regulate neuronal metabolic supply 

by adjusting local blood flow on demand because they enfold synapses as well 

as capillaries (Schousboe et al., 2014, Magistretti, 2006). The preferential storage 

of glycogen and glycoylsis in astrocytes has long been known (Hertz, 2004). 

Thus, astroglial metabolism is essential for maintaining neuro-metabolic coupling 

and brain energy homeostasis (Halford et al., 2017).  

Interestingly, a transcriptomic study of FACS-isolated astrocytes from transgenic 

mice found astrocytes to be enriched in specific metabolic and lipid synthetic 

pathways, as well as phagocytic pathways suggesting that astrocytes are 

professional phagocytes (Cahoy et al., 2008). Moreover, mature astrocytes and 

oligodendrocytes seem not to share a large cohort of common “glial” genes 

suggesting that the notion of a molecularly defined glial cell type is largely 

misleading because all three mature cell types differ vastly based on the genes 

that they express (Cahoy et al., 2008). This cell type is also involved in the 

regulation of synaptogenesis and synaptic transmission, thereby contributing to 

neurological and psychiatric diseases (Cotter et al., 2001, Allen and Barres, 2005, 

Volterra and Meldolesi, 2005). Specifically, astrocytes are thought to play a key 

role in degrading glutamate to glutamine and in coupling synaptic activity and 

glucose utilization (Magistretti, 2006). Evidence of the ability of astrocytes to 

regulate synaptic formation (Christopherson et al., 2005) has been previously 
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reported and many astrocyte-enriched genes have been implicated in psychiatric 

diseases such as SCZ and BPD, including GMR3 (Goudriaan et al., 2014) Npas3 

(Pieper et al., 2005), MLC1 (found in distal astrocyte processes (Boor et al., 

2005)), LGI1/4 (Gu et al., 2004, Schulte et al., 2006) and GPR56 (Mochida, 

2005), providing clues to the potential ways that astrocytes may contribute to 

neurological and psychiatric diseases. 

Astrocytes have in recent years become the focus of intense experimental 

interest, yet the development and function of astrocytes remain in many aspects 

uncharacterized. A central limitation in advancing our understanding of mature 

astrocyte development and function has been the lack of procedures that allow 

for their purification (Zhang et al., 2016). Moreover markers for their univocal 

identification remain both scarce and imperfect. Astrocytes have been 

traditionally identified immunohistochemically by antibodies that target cell-

specific antigens in the cytoplasm or plasma membrane which do not permit such 

a high-resolution assignment of individual cell identity as they are often regulated 

developmentally and may be modulated functionally (Sun et al., 2017).  

 

 

4.2.4  Microglia 

Microglia are the tissue-resident macrophages of the brain, and as such, they 

serve both immune-related and glial functions by taking part in the immune 

surveillance, development and homeostasis of the organ (see Figure 4.3 for a 

schematic overview). Microglia have a number of key features—including their 

long-range migration during development, their adaptation to the local 

environment, and their role in brain development (Casano and Peri, 2015).  They 

account for a significant proportion of cells in the brain and their density remains 

stable throughout the lifespan due to constant turnover (Lopez-Atalaya et al., 

2018, Casano and Peri, 2015) Although long debated, it is now clear that 

microglia have a mesodermal origin (Casano and Peri, 2015) and derive from a 

lineage that is distinct from that of hematopoietic stem cells (Gomez Perdiguero 

et al., 2015) (see Figure 4.4). For instance, in the absence of the myeloid 

transcription factor PU.1 in both mice and zebrafish no microglia are present in 

the brain (Beers et al., 2006, Schulz et al., 2012). Many groups have compared 

the chromatin landscape and the transcriptome of several tissue-resident 
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macrophage populations (Kohyama et al., 2009, Gautier et al., 2012, Lavin et al., 

2014, Butovsky et al., 2014) in the attempt to establish how the environment 

impacts on tissue-resident macrophages. In particular, mapping enhancer 

histone modifications revealed that genes commonly found in all macrophages 

are differentially expressed within distinct populations, indicating that specific 

profiles and chromatin landscapes are likely to result from the crosstalk between 

the local microenvironment and the cell ontogeny (Lavin et al., 2014, Heinz et al., 

2010, Gosselin et al., 2014).  

Microglia have long been studied for their involvement in immunity and in many 

neurological disorders, such as AD and Parkinson’s disease (for a review, see 

(Lehnardt, 2010). However, there is also mounting evidence for important roles 

played by these cells in the context of brain development and in the establishment 

of neuronal connectivity (Casano and Peri, 2015).
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Figure 4.3 Schematic representation of microglial roles in the developing brain. 
Yellow and pink boxes indicate microglial roles during developmental stages and general immune-related functions, respectively. Abbreviations: PS, 
phosphatidylserine; TREM2/DAP12, triggering receptor expressed on myeloid cells 2 (TREM2) and DNAX-activating protein of 12 kDa (DAP12) 
signalling; NPCs, Neural progenitor cells; IGF1, Insulin-like growth factor 1; ILβ, Interleukin 1 beta, IFNy, interferon γ;mVEGF, vascular endothelial 
growth factor receptors; NOD-like, nucleotide-binding oligomerization domain like; Ca2+, calcium; ATP, Adenosine triphosphate. Figure taken from 
(Casano and Peri, 2015).
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Figure 4.4 Monocyte and neural cell development during embryogenesis. 

Microglia development is distinct from the development of other monocytes and neural 

cells. A) Neurons, oligodendrocytes and astrocytes arise from the neuroectoderm (Prinz 

and Mildner, 2011) B) Monocytes arise from haematopoietic stem cells in the bone 

marrow (Ginhoux et al., 2010) C) Microglia arise from yolk sac-derived erythromyeloid 

progenitor cells via a Pu.1 and Irf8-dependent pathway (Ginhoux et al., 2010). After early 

entry into the CNS, microglia remain there and are independently maintained as the 

resident mononuclear phagocytes of the CNS with many different functions (Ajami et al., 

2007).  

 

 

Microglia play a central role in removing apoptotic neurons, both during early CNS 

development and in the adult tissue (Caldero et al., 2009, Sierra et al., 2010). 

Recent work has shown that microglia have a high phagocytic index and that this 

remains constant not only during early adulthood but also in neuroinflammatory 

conditions (Sierra et al., 2010). In vitro studies have also suggested that the 

release of tumour necrosis factor alpha (TNF-α) by activated microglia could 

promote the microglial-mediated neuronal uptake and phagoptosis (Neniskyte et 

al., 2014) providing evidence for a role of microglia in promoting neuronal cell 

death. 

The role of microglia in neurogenesis has mainly been addressed under 

pathological conditions; for example, during brain inflammation (Ekdahl et al., 

2009). However, accumulating evidence from studies in rats has also highlighted 

the importance of microglia and microglial-mediated production of neurotrophic 

factors in modulating neurogenesis during embryogenesis and adulthood (Ueno 

et al., 2013, Shigemoto-Mogami et al., 2014, Rao et al., 2006).  
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Undoubtedly, one of the most intriguing roles of microglia in the brain is synaptic 

pruning which takes place in the mouse during early and late postnatal stages for 

the remodelling of neuronal connections (Wake et al., 2009) as well as in humans 

during development and, possibly, in disease (Sakai, 2020). Lack of pruning 

results in increased connectivity and redundant afferent synaptic inputs, causing 

impaired motor learning, associative memory and spatial memory (Paolicelli et 

al., 2011, Rogers et al., 2011). Interestingly, excessive synaptic pruning has been 

widely implicated in SCZ and other common neurological disorders (Sellgren et 

al., 2019, Prasad et al., 2016, Cardozo et al., 2019). Altogether, microglia related 

findings have shown that these cells are not just simply sentinels that survey the 

brain but are active multitasking specialists during development, adulthood, and 

senescence. Indeed, several studies have shown that a lack of microglia has 

detrimental effects on proper brain functionality, with consequent severe 

behavioural and learning deficits (Duarte et al., 2019, Nelson and Lenz, 2017, 

Torres et al., 2016). 

It is interesting that microglia share some of their tasks with astrocytes, a cell type 

also involved in synapse elimination and apoptotic removal (Cahoy et al., 2008, 

Chung et al., 2013, Tasdemir-Yilmaz and Freeman, 2014). This redundancy 

highlights the importance of these processes, but it still remains to be established 

how these two cell types share these tasks. 

 

 

4.2.5  The Glia/Neuron Ratio 

The notion that the proportion of glial to neuronal cells in the brain increases with 

brain size, to the point that glial cells represent about 90% of all cells in the human 

brain has dominated the neuroscientific research literature for long time and only 

more recently proven to be incorrect (Herculano-Houzel and Dos Santos, 2018). 

Recent evidence have shown that the glia/neuron ratio is found to vary not with 

brain size, but most likely as a direct function of average neuronal size, with more 

glial cells per neuron as the latter become larger; however, this seems to happen 

due to simple mechanical limitations to glial cell proliferation during development 

in the face of a large variation in average neuronal size. (Herculano-Houzel, 

2014). The emerging evidence that the glia/neuron ratio varies uniformly (the 

smaller the neuronal density, the larger the glia/neuron ratio) across the different 
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brain structures (Cahoy et al., 2008) highlights how fundamental for brain function 

must be the interaction between glial cells and neurons. In a recent mouse 

transcriptomic study gene profiles of astrocytes and oligodendrocytes were found 

to be as dissimilar to each other as they are to neurons (Cahoy et al., 2008).   

Thus, the nature and role of neuron–glia interactions in controlling the 

development, function, and pathology of our brains remain among the greatest 

unsolved mysteries in neurobiology today.  Arguably, the knowledge of the most 

highly expressed specific genes within a cell type should provide important clues 

as to the likely functions of that cell type. Identification of cell type specific markers 

however has long been problematic because of the great degree of regional and 

subtype heterogeneity.  

 

 

4.2.6  Reviewing current methods to isolate neural cells/nuclei 

The complex cellular heterogeneity of the CNS makes it relatively difficult to 

reliably obtain molecular descriptions with cell-type specificity and it makes the 

study of molecular signalling particularly challenging, as relevant changes occur 

only in a fraction of specific cells.  A cell type is often defined as a group of cells 

that perform a similar function (Nelson et al., 2006, Bota and Swanson, 2007, 

Fishell and Heintz, 2013). However, the function of most cell types in the nervous 

system remain to date unknown or unclear. A given cell's function is rooted in its 

molecular composition and cell identity is generally thought to be defined by the 

expression of a combination of genes (Holmberg and Perlmann, 2012, McKenna 

and O'Malley, 2002). The three most widely employed methods for molecular 

characterization at the single-cell level are: immunolabelling, RNA in situ 

hybridization and transgenic approaches. One drawback of all these methods is 

that usually only one or two markers are examined simultaneously. Thus, 

concurrent profiling of the expression of many genes in a single cell has not been 

possible using these techniques, despite being considered crucial to assign cell 

type identity (Masland, 2004, Trapnell, 2015). In particular, comparative analysis 

of epigenetic regulation or molecular profiles is hampered by the lack of adequate 

methodology for selective purification of defined cell populations from CNS tissue 

(Okada et al., 2011). Indeed, comparative analysis of gene expression or 

molecular profiles has for long relied upon conventional histopathologic 
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examinations, including in situ hybridization, which provides only a small set of 

data with limited detection sensitivity and is not applicable to high throughput 

analysis. 

In the endeavour to circumvent this, more recent studies have attempted to 

bioinformatically correct for cellular proportions in EWAS data by adopting 

methods that can estimate cell proportions, which can either be based on well-

annotated reference data sets in separated cell populations (reference-based) 

(Houseman et al., 2012, Jaffe and Irizarry, 2014, Guintivano et al., 2013, Montano 

et al., 2013) or can be reference-free (Li and Wu, 2019, Houseman et al., 2016). 

Although these methods provide reassurance that loci nominated in the EWAS 

are not directly attributed to a shift in cell proportions, they are still unable to 

discriminate which cell type is driving a specific epigenetic signal, which greatly 

limits the interpretation of findings. Furthermore, the estimates provided by these 

approaches are often limited to the few most abundant cell types composing the 

tissue. Aside from this, if epigenetic changes in one cell type oppose the direction 

of the epigenetic changes in another cell type, then no total difference in 

epigenetic levels will be detected in bulk tissue, meaning that important disease-

associated changes are likely to be missed when profiling heterogeneous tissue 

(Smith et al., 2020). 

One of the reasons why purified cell populations of the CNS have been under-

studied, is partly due to the difficulty of isolating intact whole cells. Thus, in recent 

years there have been numerous attempts to develop alternative methods for 

selective analysis of defined cell populations in CNS tissue (Kamme et al., 2003, 

Lobo et al., 2006, Doyle et al., 2008, Heiman et al., 2008, Sanz et al., 2009). 

Fluorescence‐activated cell sorting (FACS) has been extensively used as method 

to purify functionally homogenous cell subpopulations or to enrich a particular cell 

type in suspension. In embryonic or neonatal organs, including CNS tissue in 

which the neural cell–cell adhesion is not very tight, the protocol is well 

established (Kawaguchi et al., 2001) and remain a very useful tool also for 

haematology and immunology research (Okada et al., 2011). In the adult CNS, 

however, this method has critical limitations and is not widely used for several 

reasons. First, the intertwined nature and tight cell–cell adhesions of neural cells 

make it difficult to separate cells without causing cellular damage. Enzymatic 

dissociation in the adult CNS often results in the loss of cells, including their type‐

specific transcripts, and induces reactive changes or cell death (Volovitz et al., 
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2016, Mattei et al., 2020). Second, even when the cells are successfully isolated, 

the chances of the neuronal cells surviving is quite low, which is a major obstacle 

for the FACS procedure. Third, while conventional immunohistochemistry can be 

used to identify neural phenotypes with a large variety of cytoskeletal markers, 

such as neurofilaments, whereas there is a very limited number of adequate “cell 

surface antigens” that are useful for neural sorting (Okada et al., 2011).  

Aside from FACS, laser capture microdissection (LCM) is another methodology 

that offers potential for identifying cell-type-specific epigenetic changes. This 

technique was developed to extract targeted cells from complex tissues to 

examine their gene expression or molecular profiles under microscopy. LCM 

provides quantitative information about the cells of interest and is a powerful 

technique, but very few cells can be analysed, which limits its use in amplification‐

based techniques such as microarray and quantitative PCR analysis. In addition, 

the procedure used for tissue adaptation and cellular isolation can lead to the loss 

or damage of tissue‐specific molecules (Okada et al., 2011). LCM is more labour 

intensive than FACS, recovers only small amounts of brain tissue (Hackler et al., 

2012, Merbs et al., 2012) and yields of DNA are usually lower, making this 

approach currently not suitable for large cohort studies exploring different cell 

types (Smith et al., 2020). 

On the other hand, recent technological advancements have facilitated the 

quantitative analysis of a multitude of markers in a single cell, thereby enabling 

classification of neural cells. While analyses of gene expression in whole tissue 

using conventional real-time RT-PCR, DNA microarrays and RNA sequencing 

has provided insight into the state of cells in tissues under normal and 

pathological conditions.  

Single-molecule fluorescence in situ hybridization (sm-FISH) has been the 

method of choice for single-cell gene expression analysis (Arrigucci et al., 2017). 

The power of microscopy-based sm-FISH lies in its ability to allow determination 

of integer counts of target mRNAs per cell and to provide information about the 

spatial distribution of RNAs (Tyagi, 2009). However, microscopy-based mRNA 

quantification is typically applied to small numbers of cells attached to a glass 

surface (usually ∼100 cells) and is labour-intensive. The small sample size limits 

the ability to assess cell population behaviours and precludes identification of rare 

cell subsets displaying particular expression patterns. To overcome the 

limitations of the microscopy-based platform, a flow-cytometry-based protocol for 
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intracellular mRNA measurements in non-adherent mammalian cells using 

fluorescence in situ hybridization (FISH) probes has been recently developed 

(Arrigucci et al., 2017). Unlike microscopy, flow cytometry allows for high-

throughput, multi-parametric analyses, therefore it is used to analyse complex 

cellular phenotypes for many cells at the same time (Chattopadhyay and 

Roederer, 2012). The method, named by the authors FISH-Flow, involves cell 

fixation, permeabilisation and hybridization with a set of fluorescently labelled 

oligonucleotide probes. In this protocol, surface and intracellular protein markers 

can also be stained with fluorescently labelled antibodies for simultaneous protein 

and mRNA measurement. With its ability to analyse thousands of cells 

simultaneously, FISH-Flow can be used to distinguish cells producing particular 

mRNAs (as few as ten molecules of mRNA per cell) from cells that do not 

(Arrigucci et al., 2017). FISH-Flow also offers several advantages over 

conventional, antibody-based flow cytometry. First, it allows concurrent detection 

of mRNA and cell surface markers, thereby adding a new dimension (gene 

expression) to the cell phenotyping obtained with conventional flow cytometry. 

Second, RNA flow cytometry can assay a much broader set of targets than 

antibody-based flow cytometry for the following reasons: (i) abundance of both 

coding and noncoding RNAs can be assessed; (ii) designing nucleic acid probes 

is more straightforward than obtaining suitable antibody probes for the analysis 

of protein targets; and (iii) nucleic acid probes can be readily designed to bind 

only under desired conditions (Arrigucci et al., 2017). Nevertheless, also this 

promising method comes with its drawbacks. One of the limitations of the FISH-

Flow method is that fewer fluorochromes have been tested for nucleic acid probe 

conjugation than for antibody labelling. A second limitation is that the requirement 

for ∼50 (at least 30) 17- to 20-nt-long probes per set limiting the selection of target 

mRNAs to those that are at least 500-nt long. Third, as mRNAs are typically 

present in lower copy numbers than the proteins they encode, the RNA-based 

assay yields signals having lower intensity than those associated with protein 

detection. Moreover, as with all fluorescence-based methods, the cell types that 

can be analysed by this method may be limited to those cells that exhibit low-

level auto-fluorescence in the fluorescence channels that are used for the 

analysis (Grau-Exposito et al., 2017). 

The emergence of single cell RNA sequencing (scRNA-Seq) technologies in the 

last decade has led to a rapid phase of discovery in complex tissue research. 
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Nonetheless, the application of this technology has practical limitations, perhaps 

the most important of which is the need for fresh tissue. Key output of single-cell 

transcriptomic experiments is a list of molecularly distinct cell types along with a 

set of genes expressed in each type. The list usually contains some previously 

identified and some new cell types, both revealed in unprecedented molecular 

detail (Poulin et al., 2016). Monitoring gene expression with single-cell resolution 

therefore offer a more accurate picture than the evaluation of changes in gene 

expression levels in bulk tissue, as variation in the expression of a given gene 

could otherwise be occluded by bulk measurements (Trapnell, 2015). However, 

single-cell transcriptomic relies on the reverse transcription of RNA to 

complementary DNA and subsequent amplification by PCR or in vitro 

transcription before deep sequencing, both procedures prone to losses or biases. 

The biases are exaggerated by the need for very high amplification from the small 

amounts of RNA found in an individual cell. Refinements to improve the signal-

to-noise ratio even further by enhancing the efficiency of reverse transcription 

and PCR (Lein et al., 2007) or applying molecular barcoding strategies that 

control for amplification bias (Gong et al., 2003) remain essential. Moreover, 

expression of a gene that is reliably detected in a population may be anywhere 

from absent, to low, to high in a given cell because of random fluctuations (Poulin 

et al., 2016). Models have tried to explain such variability by describing 

transcription as occurring in discrete bursts driven by stochastic molecular 

processes (Eberwine et al., 1992). Single-cell transcriptome studies to date 

require cells in suspension (for example, dissociated tissues or cultures) so that 

the spatial organization of the population is often lost, unless cells had been 

picked from defined areas. Thus, despite fast advances in single cell technologies 

have enabled researchers to quantify transcriptomic variation in individual neural 

cells, this approach remain expensive, with several pitfalls to address and cannot 

be used to interrogate multiple genomic marks in parallel, limiting its utility for 

large studies of human brain disease.   

A valid alternative approach has been the direct purification of identified nuclei 

from adult brain. The fluorescence-activated sorting of fixed nuclei (FAST‐FIN) 

method proposed in 2014 allows immunolabelling and sorting of nuclei from fixed 

adult brain tissue for the preservation and study of dynamic and labile post-

translational histone modifications (Marion-Poll et al., 2014). Although developed 

in mice striatum, authors have speculated about its applicability to other tissues 
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and species and to study DNA modifications (Marion-Poll et al., 2014). After many 

years of stagnation in the field of flow cytometry due to the lack of reliable 

technology, Jiang et al. in 2008 described a protocol to selectively collect 

immunolabelled neuronal nuclei from brain tissue with FACS for subsequent 

chromatin immunoprecipitation assays. They demonstrated that the chromatin 

structure in isolated nuclei remained unchanged even after a sucrose gradient 

ultracentrifugation (Jiang et al., 2008). Ever since, fluorescence‐activated nuclei 

sorting (FANS) has been used in a growing number of studies to reduce the 

complexity of brain cell transcriptomes, epigenomes, and proteomes (Bilsland et 

al., 2006, Okada et al., 2011, Dammer et al., 2013). However, recent analyses of 

human brain cell nuclei demonstrated that the proteome and methylome of NeuN‐

positive (NeuN+ve) nuclei is quite distinct from that of NeuN‐negative (NeuN-ve) 

nuclei (Dammer et al., 2013, Lister et al., 2013). By focusing on analysis of bulk 

tissue or purifying population exclusively based upon the neuronal marker NeuN, 

inevitably masks epigenomic changes that occur in other relevant (i.e microglia 

and astrocytes) or rarer cell types. These overlooked cell types are altered during 

disease and it is thought that they may play a major role in the development and 

progression of brain disorders (Wolf et al., 2017, Prinz et al., 2019). Particularly 

microglia represent approximately 5% of the total cell population in the brain and 

are challenging to detect using bulk approaches. Disease conditions can alter the 

proportional representation of particular cell types, which further complicates the 

interpretation of bulk tissue. For instance, an increased percentage of microglia 

due to a loss of neurons may incorrectly register as microgliosis by bulk RNA-

seq. In light of these considerations it appears crucial the need for a wider range 

of cell type specific, nuclear antibodies to further disentangle the diversity of the 

NeuN-ve cellular component.  

The scarcity of validated markers for this purpose is due, at least partially, to the 

difficulty in finding antibodies that meet all the requirements: the candidate marker 

has to detect nuclear proteins only expressed in a specific cell subtype and work 

efficiently in frozen post-mortem tissue as well as being compatible with flow 

cytometry applications. The number of criteria drastically narrows down the 

options suitable for testing. In consideration of this hurdle, immunocytochemistry 

assays using in vitro model of the cell type of interest have been performed for 

testing candidate antibodies as alternative approach to confirm the nuclear signal 

and therefore validate the efficiency of the tested marker.  
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4.3  Aims 

The main aim of the work described in this chapter was to improve the existing 

FANS protocols enabling the isolation of nuclei populations from multiple neural 

cell types in order to perform multi-omics profiling from the same specimen. For 

this purpose, testing and optimisation work was needed in order to: 

1. Evaluate and compare the performance of two different previously 

published FANS protocols (Krishnaswami et al., 2016, Kundakovic et al., 

2017) for nuclei purification.  

2. Identify novel cell type-specific nuclear markers to enable us to 

simultaneously immuno-label distinct neural cell types also using 

immunocystochemistry techniques to confirm their nuclear localisation  

3. Extract from each purified nuclei population high quality nucleic acids in 

high yield suitable for high throughput downstream applications such as 

methlyomic profiling using the DNA methylation EPIC array, gene 

expression assay (qPCR), RNA-seq, ATAC-seq and ChIP-seq.  

4. Confirm the robustness and reliability of the method developed through 

alternative technical validations (ICC, TLDA). 
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4.4  Material and Methods 
 

FACS is an efficient cell separation method that is performed using a flow 

cytometer and requires a single cell suspension for analysis (Shapiro, 2003, 

Rahmanian et al., 2017). A fluid stream of cells passes through a laser beam and 

data corresponding to each cell are digitized and displayed in the form of graphs 

by the flow cytometer. The stream then breaks up into droplets, each containing 

a single cell. The droplets, carrying the cells, are electronically charged and 

deflected into separate collection tubes as a result of passage through an electric 

field. The amount of applied charge affects the degree of deflection, and hence 

multiple populations of cells can be separated simultaneously through applying 

charges of various voltages. There are different sorting modes allowing for a 

trade-off between sorting rate, purity, recovery, and yield depending on the aim 

of study. Here this technique was adopted to separate neural cells from post-

mortem brain samples maximising the recovery of nuclear material and derived 

nucleic acids for a parallel multi-omics analysis. NeuN-based cell separation from 

human cortical post-mortem samples using FANS sorting has been proved to be 

a robust and reproducible approach, even across brain regions and cohorts by 

many studies (Gasparoni et al., 2018, Kozlenkov et al., 2017, Kozlenkov et al., 

2016, Guintivano et al., 2013). However, one major limitation to this approach is 

that it is based on the expression of a single antigen, NeuN, and so it is not 

possible to determine whether the non-neuronal findings originated from 

microglia, astrocytes, oligodendrocytes or other cell types. In order to further 

discriminate the epigenetic signal within the non-neuronal component of the 

tissue, several cell-type specific nuclear antibodies have been tested for 

immunolabelling and those proved successful have been incorporated in the 

protocol for the purification of oligodendrocytes and microglia from the same brain 

specimen.  
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4.4.1  Published protocols testing for optimal nuclei purification 

Two different previously published protocols were tested in order to identify the 

best method to isolate highly purified nuclei populations from bulk post-mortem 

tissue samples. Although aiming at different applications and tailored around 

different research questions, both protocols included a nuclei purification step by 

differential high-speed centrifugation. Protocol 1 (Krishnaswami et al., 2016) was 

developed to perform single cell RNA-seq from brain tissue to capture the 

transcriptome of post-mortem neurons bypassing the alterations due to the cell 

dissociation stage; Protocol 2 (Kundakovic et al., 2017) presented a ChIP-seq 

pipeline for mapping histone modifications in chromatin extracted from post-

mortem brain samples in a cell-type specific manner. Both methods were 

performed as per author’s instructions and their yield were compared in terms of 

nuclei recovery. Also, the integrity of the nucleic acids extracted from the nuclei 

was assessed by agarose gel electrophoresis prior testing downstream 

applications.  

 

 

4.4.1.1  Nuclei purification  

In order to isolate nuclei fractions from bulk post-mortem human brain a combined 

procedure of mechanical and chemical tissue dissociation was adopted in both 

tested protocols: the frozen sample was transferred in a lysing solution, which 

helps to digest the tissue, followed by repetitive strokes using ice pre-chilled glass 

pestles until solution becomes visually homogeneous. Given that nuclei can be 

isolated at 4°C from tissue homogenate with minimal damage (Krishnaswami et 

al., 2016), samples were kept on ice for the entire procedure in order to preserve 

the nuclei structure. For frozen human brain tissue, protocol 1 recommended 

proceeding directly to FACS after filtering the homogenate using a cell strainer 

cap without further purification as nuclei have been subjected to freezing and 

additional purification steps can cause RNA damage. The filtering step is meant 

to remove major debris (larger than 35 µm) or undisrupted tissue; however, each 

purification step results in lower yields of nuclei. Differently, protocol 2, after 

tissue douncing included an ultracentrifugation clean-up (106,803 x g for 1 hour 

at 4°C) to extract nuclei via sucrose gradient when using frozen tissue.  
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4.4.1.2 Nuclei Immunolabelling 

The nuclei recovered as pellets were then re-suspended in isotonic buffer and 

incubated with antibodies against cell-type specific markers. Both protocol used 

mouse monoclonal antibodies but different staining dilutions were adopted: the 

combination anti-NeuN unconjugated primary antibody + AlexaFluor 594 

secondary antibody was proposed in protocol 1 (1:5000 dilution, 30 minutes 

each, on a rotor, at 4°C) whereas protocol 2 used an anti-NeuN antibody pre-

conjugated to Alexa 488 (Cat No MAB377X) 1:500 dilution, 45-60 minutes on a 

rotor, at 4°C. Differently from protocol 1, protocol 2 did not include gentle 

washing steps (400 x g for 5 minutes) after immunostaining but required filtering 

through a 35 µm cell strainer before sorting. 

 

 

 

4.4.1.3 Nuclei sorting 

As recommended in both protocols, nuclei suspensions were kept on ice while 

preparing for FACS and for downstream applications. As per protocol 1, the 

FACS droplet stream was optimized for timing delay, with any satellite droplets 

merged by the fifth drop after the droplet breakoff. Failure to optimize the droplet 

breakoff may result in a charge placed on the satellite droplet instead of the 

droplet of interest. FACS plots for doublet discrimination gating were set to 

prevent sorting of doublets and further groupings of attached nuclei (refer to 

Methods chapter - section 2.2.1.5 for detailed description of FACS gating 

criteria). A small amount of sample was initially loaded into the instrument to 

confirm gating and arrange gates on the FACS plots as needed. For immuno-

stained samples, both positive and negative populations were collected. As 

recommended in protocol 1, the overall event rate for particles was set to be 

200-2,000 events per second on the FACS instrument to prevent swamping of 

the detectors that may result in a poor sorting accuracy. Depending on the 

concentration of nuclei, dilution of the sample may be also required to preserve 

sorting efficiency. FACS-sorted nuclei were snap frozen on dry ice and stored at 

-20 °C for subsequent DNA and/or RNA extraction. 
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4.4.2  Genomic DNA isolation 

Three different protocols were tested in order to isolate high quality genomic DNA 

from the purified nuclei populations: (1) an phenol/chloroform extraction method 

using Phase Lock Gel (PLG) tubes, (2) a column-based extraction technique 

using the Allprep DNA/RNA Mini Kit (Qiagen, UK) adapted to preserve the fragile 

nature of nuclei and (3) an isopropanol extraction method originally developed for 

tissue and cell extraction but adapted to sorted nuclei (see Methods, section 

2.4). This last protocol variant was purely dictated by the nature of the samples. 

When the DNA concentration in the sample is low, isopropanol generally works 

better than ethanol for the extraction as DNA is less soluble in isopropanol so it 

precipitates faster even at low concentrations. Isopropanol is also preferable for 

precipitating DNA from large volumes as less alcohol is used. Collection/storage 

procedure of the nuclei after FACS sorting was also tested in order to optimise 

the input material and consequently the DNA yield after extraction; performance 

of DNA protocol 3 was indeed tested using frozen pelleted nuclei vs frozen nuclei 

suspension (nuclei collected in FACS running buffer). 

DNA Protocol 1 is a commonly used liquid-liquid extraction technique to 

separate nucleic acids from proteins and lipids. The organic extraction solvent 

phenol/chloroform is added to promote the partitioning of proteins, lipids and 

cellular debris into the organic phase, leaving isolated DNA in the aqueous phase. 

Sodium acetate helps to neutralise the DNA charge by increasing of ionic strength 

so that DNA precipitation is facilitated when an alcohol is added. The PLG acts 

as a barrier between the organic and aqueous phases, allowing the nucleic-acid-

containing phase to be easily recovered saving time while optimising the recovery 

of nucleic acids. Moreover, the use of PLG can result in an increase of 20 to 30% 

recovery of nucleic acids compared to traditional methods (Quantabio, 2007). 

Given that multiple extractions can be performed in the same tube as long as 

maximum sample volume is not exceeded, the extraction of both DNA and RNA 

from the same nuclei aliquot was attempted to maximise usage of sorted material 

and minimise the time consumption required for extraction procedures. 

Briefly, for DNA protocol 1, PLG 2 mL heavy tubes were centrifuged at 14,000 x 

g for 30 seconds immediately prior usage to pellet down the gel matrix. To each 

sample (nuclei suspension) an equal volume of phenol/chloroform solvent (Fisher 

Scientific, Cat No BP1752-400) was added and the organic and aqueous phases 

were thoroughly mixed to form a transiently homogeneous suspension (do not 
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vortex). Tubes were centrifuged at 14,000 x g for 5 minutes to separate the 

phases. At this stage, if a second extraction is necessary, and maximum tube 

volume is not exceeded, more organic extraction solvent can be added to the 

same tube and the above step repeated. The aqueous upper phase (containing 

nucleic-acids) was carefully recovered and transferred to a new LoBind tube. 3M 

Sodium Acetate (NaAc) (1/10 of volume recovered) was added to each tube 

together with an equal volume of 100% Isopropanol to allow DNA precipitation. 

Tubes were then centrifuged at 14,000 x g for 5 minutes at RT and supernatant 

discarded. 1mL of 70% EtOH was added to each tube to remove some of the salt 

from the DNA pellet. Tubes were centrifuged at 14,000 x g for 5 minutes, 

supernatant was discarded and pellets were left to air dry before resuspension in 

a small volume of ddH20 (30µL/ DNA pellet). Ultra pure water was preferred over 

Tris EDTA (TE) buffer to solubilize the DNA as although it protects the nucleic 

acid from degrading by DNase or RNase it may interfere with downstream 

applications (for microarrays, it can inhibit cDNA synthesis (Illumina, 2016).  

 

The AllPrep-DNA/RNA-Mini kit (DNA protocol 2) was initially tested with the aim 

of maximising yields of DNA and RNA from the same sample as well as 

streamlining the extraction procedure making it more time and labour effective. 

This kit allows the simultaneous purification of high-quality genomic DNA and 

RNA from the same biological sample. The protocol is divided in two parts and 

the purified DNA and RNA are eluted separately. A full guide is available from the 

manufacturer (Qiagen, 2005). The manufacturer’s protocol (Figure 4.5), 

originally developed for tissue or single cells, required minor changes to be 

adapted to nuclei samples.  

Briefly, 350µL to 600µL of RLT buffer (according to the initial number of nuclei 

per aliquot) were added to FACS sorted nuclei samples to help disrupt the nuclei; 

tubes were mixed through several inversions. The lysate samples were 

transferred to AllPrep DNA spin columns placed in the supplied 2 mL collection 

tubes. Tubes were centrifuged for 30 seconds at 9,000 x g. When necessary, 

centrifugation was repeated until all liquid passed through the membrane. Spin 

columns were placed in new 2 mL collection tubes. 500µL of Buffer AW1 were 

added to the AllPrep DNA spin columns and tubes were centrifuged for 20 

seconds at 9,000 x g to wash the spin column membrane. The flow-through was 

discarded and 500 µL of Buffer AW2 were added to the AllPrep DNA spin column. 
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Tubes were then centrifuged for 2 minutes at full speed (≥18,000 x g) to wash the 

spin column membrane. The long centrifugation dries the spin column 

membrane, ensuring that no ethanol is carried over during DNA elution 

preventing interference with downstream reactions. After centrifugation, the 

AllPrep DNA spin columns were carefully removed from the collection tubes to 

prevent contact of the column with the flow-through. The AllPrep DNA spin 

columns were then placed in new 1.5 mL collection tube (supplied). 75 μL of 

elution buffer (EB) (preheated to 70°C) were subsequently added directly to the 

spin column membrane and tubes were incubated at RT (15–25°C) for 2 minutes, 

and then centrifuged for 1 minute at 9,000 x g to elute the DNA. The whole elution 

step was repeated twice to elute further DNA and to achieve a higher DNA 

concentration, elution volume was reduced to 20μL of EB per elution step. DNA 

samples were quantified and stored at -20°C until further processing.  

For DNA protocol 3, which is the chosen extraction technique best suited for the 

FANS pipeline, full details are provided in Methods, section 2.4.  

 

 

 

 



241 
 

 

Figure 4.5 Schematic overview of the AllPrep DNA/RNA/Protein precipitation 
procedure. 
Figure taken from manufacturer’s manual. Extraction of genomic DNA extraction and 

RNA extraction do not happen in parallel, and require to follow two different sections of 

the protocol. Nuclei in solutions were used here as input material and protein extraction 

was not perform as beyond the scope of this work.  

 

 

4.4.2.1  Genomic DNA quality assessment 

In order to assess the integrity and overall quality of the extracted genomic DNA 

(gDNA), ethidium bromide-stained, 1% agarose gel electrophoresis was used to 

run few test samples for each nuclei population collected via FANS. 100 ng of 

gDNA per nuclei fraction were loaded in each well together with 1 µL of loading 

dye (5x Orange G) (Sigma-Aldrich, UK) for visual tracking of DNA migration. A 

molecular-weight size marker in the form of a 1kb DNA ladder (New England 

BioLabs, UK) was also used. Gels were run on low-medium voltage (100 mV) for 

1 hour. Gel images were acquired using the Image Studio Lite Ver 5.2 software. 
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4.4.3 Nuclear RNA isolation  

Several tests were also performed in order to isolate intact nuclear RNA from 

FANS purified nuclei aliquots. Three different approaches were explored and 

compared on performance:   

(1) Qiagen AllPrep-DNA/RNA-Mini kit                                                                                              

(2) Trizol manual RNA extraction (regular eppendorfs vs heavy 2 mL PLG tubes) 

(3) Directzol RNA MicroPrep  

As previously mentioned in section 4.4.2, the Qiagen AllPrep-DNA/RNA-Mini kit 

(RNA Protocol 1) was tested in the attempt to maximise the RNA recovery and 

minimize alcohol and/or protein carry over as well as for time saving purposes. 

Extraction was conducted following the manufacturer's standard instructions 

(Qiagen, 2005). Differently, for the Trizol manual RNA extraction (RNA protocol 

2), samples were defrosted at RT as sorted nuclei were collected in Trizol 

Reagent (Fisher Scientific, UK) and thawing on ice tends to enhance salts 

precipitation. However, every centrifugation step was performed at 4°C to 

preserve the RNA integrity. PLG 2 mL heavy tubes were spun down at 10,000 x 

g for 5 minutes immediately prior usage to pellet down the gel. After defrosting, 

nuclei suspensions were transferred to the PLG tubes. 100µL of chloroform 

(Sigma Aldrich, UK) were added per each 500 µL of sample (sorted nuclei 

collected in Trizol Reagent). Tubes were securely capped, mixed by inversions 

(5 times), incubated for 2-3 minutes at RT and centrifuged for 5 minutes at 10,000 

x g. At this stage, three layers should be identifiable: a lower red phase 

(containing chloroform), an interphase, and a colourless upper aqueous phase. 

The aqueous phase containing the RNA was recovered by angling the tube at 

45° and transferred to a new (regular), labelled 1.5 mL eppendorf. For every 500 

µL of Trizol Reagent used for lysis, 250 µL of 100% Isopropanol (Sigma Aldrich, 

UK) were added. Each tube was gently mixed 3-5 times, incubated 10 minutes at 

RT and centrifuged for 10 minutes at 12,000 x g at the end of which precipitated 

RNA appeared as a white gel-like pellet at the bottom of the tube. Supernatant 

was discarded and RNA pellets were gently dislodged from the bottom of the tube 

and re-suspended in 500 µL of 75% ethanol (Fisher Scientific, UK). Tubes were 

then centrifuged for 5 minutes at 7,500 x g, supernatant was discarded from each 
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tube and RNA pellets were left to air dry at RT for 10 -15 minutes until they looked 

visually dry.  

Care was taken to prevent pellets from over drying in order to ensure total 

solubilisation of the RNA when resuspended (partially dissolved RNA samples 

have a 260/230 ratio < 1.6). Each pellet was resuspended in 15 µL of RNAse free 

dH20 and stored at -80°C. RNA protocol 3 was the chosen extraction technique 

best suited for the FANS pipeline, therefore full details are reported in Methods, 

section 2.5. 

 

4.4.3.1 RNA clean-up 

Two different clean-up procedures were tested in order to remove contaminants 

impurities or enzymatic inhibitors as well as to desalt nuclear RNA samples. 

Method 1 involved a second precipitation step using this time 100% ethanol 

instead of 100% isopropanol followed by a 75% ethanol wash aiming to remove 

salts precipitation, while method 2 used the RNeasy MinElute Cleanup kit 

(Qiagen, Cat No. 742040) which is designed to concentrate and purify RNA 

isolated by alcohol-precipitation and organic-extraction methods providing high 

quality samples suitable for use in high sensitivity assays. 

Briefly, according to method 1, after the first 75% ethanol wash, supernatant was 

discarded and pellets were resuspended in 100 µL of dH20. Tubes were left on 

ice for 5 minutes to allow pellets to fully resuspend and then each suspension 

was transferred in new clean 1.5 mL tubes. 1/10 volume of Sodium Acetate 

(Fisher Scientific, UK) (10 µL if 100 µL starting volume) plus 3 volumes (300 µL 

if 100 µL starting volume) of 100 % ethanol were added to each sample and kept 

at -80°C overnight. Tubes were then centrifuged for 15 minutes at full speed, 

pellets were washed with 500 µL of 75% ethanol at 7,500 x g for 5 minutes. 

Supernatant was pipetted off from each tube followed by a pulse spin at 2,000 g 

max so that any residual volume left at the bottom of the tube could be removed. 

Each RNA pellet was left to air dry at RT for 10-15 minutes, resupended in 15uL 

of RNA-free water ready to be quantified and stored at -80°C until further usage. 

For method 2, the manufacturer’s protocol was followed as per instructions. RPE 

and RLT buffers provided within the kit were modified as indicated to obtain the 

respective working solutions. Sample volumes were adjusted to 100 µL using 

RNase-free water. 350 µL of RLT buffer were added to each tube and mixed well 
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by pipetting. Then 250 µL of 100% ethanol were added to the diluted RNA 

samples and solutions were mixed well by pipetting. Immediately after, samples 

were transferred (700 µL) to an RNeasy MinElute spin column placed in a 2 mL 

collection tube. Tubes were securely capped and centrifuged for 15 seconds at 

8,000 x g. Flow-through was then discarded. For samples >700 µL, the remaining 

sample (up to 700 µL) was transferred to the pre-used spin column and the 

centrifugation was repeated. The flow-through was discarded and the RNeasy 

MinElute spin columns were placed in new 2 mL collection tubes. 500 µL of RPE 

buffer were subsequently added to the spin column and tubes were centrifuged 

for 15 seconds at 8000 x g to wash the spin column membrane. Flow-through 

was discarded and collection tube reused for the subsequent step. 500 µL of 80% 

ethanol were added to the RNeasy MinElute spin column and tubes were secured 

and centrifuged for 2 minutes at 8,000 x g. After centrifugation, the RNeasy 

MinElute spin columns were carefully removed from the collection tubes avoiding 

the contact between the column and flow-through to prevent carryover of ethanol 

from occurring. RNeasy MinElute spin columns were placed in new 2 ml collection 

tubes and centrifuged at full speed for 5 minutes with the lids opened. Flow-

through and collection tube were discarded. Care was taken to make sure the 

spin column membranes were completely dried since residual ethanol may 

interfere with downstream reactions. Centrifugation with the lids open ensures 

that no ethanol is carried over during RNA elution. RNeasy MinElute spin columns 

were then placed in new 1.5 mL collection tubes and 14 µL of RNase-free water 

was added directly to the centre of each spin column membrane and tubes were 

centrifuged for 1 minute at full speed to elute the RNA. Elution volumes should 

not be below 10 µL as the spin column membrane will not be sufficiently hydrated. 

Given that the dead volume of the RNeasy MinElute spin column is approximately 

2 µL, for an elution volume of 14 µL, 12 µL of eluate are expected to be recovered. 

 

4.4.3.2 RNA quality control  

Quality check of the nuclear RNA was also performed to assess the integrity and 

purity of the extracted samples. NanoDrop 2000 spectrophotometer was used to 

measure the RNA concentration of each sample as well as to assess their purity 

estimated through the ratio scores: RNA absorbs at 260nm while proteins absorb 

at 280nm therefore the 260/280 ratio measures the concentration of RNA over 
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proteins in the sample; a score of ~2.0 is generally accepted as “pure” for RNA. 

The 260/230 ratio is a second measure for purity of the sample, as contaminants/ 

impurities absorb at 230nm (i.e. EDTA, phenol, ethanol); values significantly 

lower than 2.2 generally indicate sample contamination.  

Qubit fluorometer measurements were also performed to confirm sample 

concentration as the Nanodrop has limited sensitivity at quantifying <40ng/µL 

while the Qubit, as a fluorophore-based method, allows a very accurate 

determination of nucleic acid concentration (sub-nanogram concentrations 

detection). Furthermore, the Agilent Bioanalyzer 2100 RNA 6000 Nano kit (see 

Methods, section 2.12.1 for details) was used as per manufacturers’ instructions 

to assess the integrity of RNA samples and their level of fragmentation. 

 

 

4.4.4 Immunostaining of nuclei – Optimization 

Although over the past decades of research several robust antibodies have been 

identified and validated in brain tissue as unique marker of cell type identity, for 

the majority of cases, the antigen has surface or cytoplasmatic localisation. The 

field still lacks validated nuclear-targeting antibodies. Before assessing their 

performance on FANS, all the antibodies described below have been tested for 

immunocytochemistry (ICC) on in vitro human cell lines aiming at verifying the 

specificity of the chosen markers for distinct cell types and their selectivity in 

targeting the nucleus. Each antibody was added at a given concentration to the 

nuclei suspension simultaneously with the anti-NeuN antibody. Different antibody 

dilutions and incubation times were tested for each antibody in line with 

manufacturer’s recommendations. Table 4.1 provides full details about product 

specifications and tested dilutions for each tested antibody. 

 

4.4.4.1 Oligodendrocyte-specific antibodies testing 

I performed literature data mining and selected a set of transcription factors (TFs), 

which are enriched in oligodendrocytes compared with other neural lineages 

since required for oligodendroglial specification (Liu et al., 2007, Wang et al., 

2014, Yang et al., 2013). Based upon previously published work, two different 

antibodies, anti-Olig2 and anti-Sox10 were tested using the FANS protocol in the 

attempt to identify and isolate the oligodendrocytes from the remaining cell types 
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constituting the bulk tissue. AlexaFluor555 anti-Olig-2 antibody (Millipore, Cat No 

AB9610-AF555) was tested at three different dilutions (1:50; 1:150 and 1:1000) 

and two different incubation time (1.5 hour vs 45 minutes, 4°C). Commercially 

available anti-Sox10 antibodies were acquired from two distinct suppliers (Santa 

Cruz Biotechnology and R&D Systems) in different formulations (pre-conjugated 

and/or unconjugated) each of which was tested at multiple dilutions for 1 hour at 

4°C. Full details are provided in Table 4.1. 

 

4.4.4.2  Astrocyte-specific antibodies testing 

Similarly, a broad literature search was conducted to find previously reported 

nuclear markers for the astrocyte population. Three different antibodies were 

tested for FANS: anti-aldolase C antibody (Abcam, Cat No. ab87122) in both 

conjugated and unconjugated formulation at three different concentrations 

(1:200; 1:500, 1:1000), anti-Pax6 antibody pre-conjugated to AlexaFluor647 

(Abcam, Cat No. ab215925) at two different dilutions (1:200, 1:1000) and anti-

sox9 antibody (Santa Cruz Biotechnology, Cat No. Sc-166505) at 1:100 and 

1:500 dilution. Full details about the antibodies tested are reported in Table 4.1. 

Aldolase C was also tested on SH-SY5Y neuroblastoma cells and human U373 

astrocytoma cells (Weightman Potter et al., 2019) to assess the localisation of 

the staining within the cell while verifying its specificity for astrocytes.  

 

4.4.4.3 Microglia-specific antibodies testing 

Guided by preliminary findings in the literature, three candidate markers were 

selected for immunostaining testing on nuclei pellet. For Pu.1, two different 

antibodies were investigated: the AlexaFluor647 anti-Pu.1 (Santa Cruz 

Biotechnology, Cat No. sc-390405) and the unconjugated anti-Pu.1/Spi1 (R&D 

systems, Cat No. MAB5870) both tested at 1:50 and 1:500 dilution. The Anti-IRF8 

antibody pre-conjugated to APC fluorochrome (Invitrogen, Cat No. 17-9852-82) 

was tested at three different concentrations (1:50, 1:250, 1:1000) while the anti-

SALL1 antibody (Abcam, ab41974) was tested at a dilution of 1:100. For FANS, 

the chosen staining time for all three antibodies was 1.5 hour incubation at 4°C.  

PU.1 and SALL1 were also extensively screened in an ICC study on human cell 

lines. A detailed description of the study is provided in section 4.4.5 and 4.5.4 of 

this chapter. 
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4.4.4.4 GABAergic neurons antibody testing 

Due to the heterogeneity of the neuronal population in the human brain I set out 

to further characterize the neuronal fraction by staining the purified nuclei 

suspension with a nuclear antibody previously published for being specific to 

human prefrontal cortex GABAergic interneurons (Kozlenkov et al., 2016). Since 

no details regarding the supplier were provided in the publication, the 

commercially available anti-Sox9 antibody (Santa Cruz Biotechnology, Cat No. 

Sc-166505) was selected and tested on nuclei samples at 1:50 and 1:400 dilution 

for 1.5 hour incubation.  
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Applic

ation 
Marker  Gene Name Specificity 

Molecular 

Target 

Reference 

(PMID) 
Supplier 

Catalogue 

N. 
Primary Ab 

Specie 

raised 

Dilution 

1ry Ab 

Secondary 

Ab 

Dilution 

2ry Ab 

FANS NeuN RBFOX3 

Neuronal 

nuclear 

marker 

RNA-

binding 

protein  

24057217 

18442397 
  Millipore MAB377X 

 Pre-conjugated 

(Alexa Fluor 

448 ) 

 mouse 

monoclonal 

Titration 

1:1000 
  

FANS Sox9 SRY-Box9 

GABA 

neuronal 

nuclei 

Transcripti

onal 

activator 

26612861 

17084361 

19709629 

Abcam ab30455 Unconjugated 
Rabbit 

polyclonal 

1:200 

1:500 

Sc-45098 

(PerCP) 
1:200 

FANS Pax6 PAX6 

Astrocyte 

nuclear 

marker 

 DNA 

binding 

protein 

18448636 

24114637 
 Abcam ab215925 

Pre-conjugated 

(AlexaFluor 

647) 

 rabbit 

monoclonal 
1:100   

ICC/ 

FANS 

Aldolase 

C 
ALDOC 

Astrocyte 

marker 

glycolytic 

enzyme 

28816095 

23688545 

11487642  

 Abcam ab87122 Unconjugated 
Rabbit 

polyclonal 

1:200 

1:500 

1:1000 

A21236 

(Alexa 647) 

1:400 

 

      Abcam ab87122 
Pre-conjugated 

(PE) 

Rabbit 

polyclonal 

1:200 

1:500 

1:1000 

 

 
 

FANS Sox10 SRY-Box10 

Mature 

oligodendr

ocytes 

Nucleo-

cytoplasm

ic shuttle 

protein 

17084361

  

R&D 

Systems  
AF2864 Unconjugated 

Goat 

monoclonal 

1:300  

1:600 

  

NL002  

(NL637) 

 1:200 

      
R&D 

Systems  
MAB2864 Unconjugated 

mouse 

monoclonal 
1:30 

Sc-516141 

(PE) 
1:100 

      
Santa 

Cruz  
Sc-365692 

Pre-conjugated 

(PE) 

Mouse 

monoclonal 

1:50-

1:500 
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Table 4.1 Table reporting the full list of nuclear antibodies tested on FANS and/or ICC during the protocol optimisation. 

     
17084361

  

R&D 

Systems  
NL2864R 

Pre-conjugated 

(NL577) 

Mouse 

monoclonal 

1:10-

1:50 
  

FANS Olig-2 OLIG2 

Oligodend

roglial 

lineage 

marker 

Transcripti

on factor 

15198128 

29922130 

15790969 

Millipore 
AB9610-

AF555 

Pre-conjugated 

(AlexaFluor 

555) 

Rabbit 

polyclonal 
1:150   

      Abcam ab87122 
Pre-conjugated 

(PE) 

Rabbit 

polyclonal 

1:200 

1:500 

1:1000 

 

 
 

ICC/ 

FANS 
PU.1 SPI1 

Microglia 

nuclear 

marker 

Transcripti

on factor 

25574134 

23483680  

Santa 

Cruz 

Biotech 

sc-390405 

Pre-conjugated 

(AlexaFluor 

647) 

Mouse 

monoclonal 

1:100 

1:250 
  

      
R&D 

Systems  
MAB5870 Unconjugated 

Mouse 

monoclonal 

1:100 

1:250 

1:500 

Sc-516141 

(PE) 
1:100 

ICC/ 

FANS 
SALL1 SALL1 

Microglia 

nuclear 

marker 

Transcripti

on factor 
27776109 Abcam ab41974 Unconjugated 

Mouse 

monoclonal 
1:100 

A21202 

(FITC-Alexa 

488) 

1:200 

ICC/ 

FANS 
IRF8 IRF8 

Microglia 

nuclear 

marker 

Transcripti

on factor 

30867424 

23166780 

26002684 

Invitrogen 17-9852-82 
Pre-conjugated 

(APC) 

Mouse 

monoclonal 
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4.4.5 Immunocytochemistry on human microglia cell line 

Due to the difficulty in finding nuclear markers suitable for FANS applications, 

ICC was adopted as an alternative/ complementary approach to verify the nuclear 

specificity of the chosen candidate markers. Despite databases (e.g. 

https://www.proteinatlas.org/, https://www.ncbi.nlm.nih.gov/geo/) showing 

evidence of nuclear localisation indeed, the vast majority of the antibodies tested 

for nuclei immunolabelling were not detected by the cell sorter or showed 

generalised and non-specific staining. In particular, I focused on the microglia 

due to its relevance and involvement in brain related disorders (Zhan et al., 2014, 

Fakhoury, 2018, Salter and Stevens, 2017) as well as for the availability in house 

of a microglia cell line. Two of the three antibodies selected from the literature 

were extensively tested: PU.1 and SALL1. The other candidate marker, IRF8, 

since already proven to be suitable when tested on FANS and due to time 

constrains, was not tested further on microglia cell line. 

 

 

4.4.5.1  Human Lenti-SV40 immortalized microglia cell line 

Lenti simian virus-40 (SV40) immortalised human microglia cells, derived from 

human fetal brain tissue (AcceGen Biotech, Cat. No: ABITC4171) were cultured 

in microglial cell medium (AcceGen Biotech, Cat. No ABITM009). In order to 

increase surface adhesion, acid etching was performed on glass coverslips with 

1M HCl at 65°C for 6 hours. Coverslips were washed five times with ultra-distilled 

water (dd.H20) followed by a 100% ethanol wash. After being placed in well 

plates, coverslips were then treated with diluted poly-D-lysine (PDL) (39ml ddH20 

with 1mL PDL (Sigma-Aldrich, UK, Cat. No A-003-M)) and incubated for 3 hours 

at 37°C. After poly-D-lysine removal, they were washed in 1x phosphate-buffered 

saline (1x PBS). When cells in passage 4 reached 80% confluence, microglial 

medium was removed, and cells were washed with 1x PBS. In order to detach 

cells from the base of the container, the flask was incubated for 2 minutes at 37°C 

with 1x PBS and 0.05% trypsin-ethylenediaminetetraacetic acid ((EDTA) Sigma-

Aldrich, UK, Cat. No T4174). Trypsin- EDTA was removed from the flask and the 

cell suspension was transferred into a 50mL falcon containing fresh microglial 

medium (5mL). The base of the flask was washed with trypsin neutraliser solution 

(Genlantis, CA, Cat.No. PR080100) which was added to the 50mL falcon. The 

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.ncbi.nlm.nih.gov/geo/
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cell suspension was spun at 9,000 x g for 5 minutes and resuspended in fresh 

microglial medium. Cells were counted, imaged and plated out at 10,000 

cells/dm2. 

 

4.4.5.2 Immunofluorescence staining 

SV40 microglia-coated coverslips were treated with 4% paraformaldehyde (PFA) 

solution to encourage cross-link formation and fixing. Coverslips were incubated 

at RT for 20 minutes. PFA was removed and coverslips were washed three times 

with 1x PBS for 5 minutes. Cells were stored in 1mL of 1x PBS at 4°C to be used 

within one week of fixing. In order to optimise the antibody performance and 

immunostaining method, two different ICC protocols were tested to ensure that 

both reagents and techniques worked. 

Pu.1 - Protocol 1: Cells were permeabilised with 0.2% Triton-X 100 (Sigma-

Aldrich, St. Louis, MO) PBS solution for 20 minutes, followed by three 5-minutes 

1x PBS washes. Cells were then incubated with blocking buffer (1x PBS with 1% 

BSA (Sigma-Aldrich, St. Louis, MO, Cat. No: 05470) and 0.1% Tween-20 (Sigma-

Aldrich, St. Louis, MO, Cat. No: P1379)) for 1 hour at RT. Cells were stained with 

mouse monoclonal anti-Pu.1 IgG2B (1:100, 1:250, 1:500, 1:1000 dilutions, R&D 

Systems, Minneapolis, MN, Cat. No MAB5870, clone #732322) diluted in 

blocking buffer, and incubated overnight at 4°C. After 15 hours, cells had three 

5-minutes 1x PBS washes. Cells were stained for 1 hour at RT with Alexa Fluor 

488 donkey anti-mouse secondary antibody (1:400 dilution, Invitrogen, Carlsbad, 

CA, Cat. No A-21202) diluted in Dako antibody diluent (Agilent, Santa Clara, CA, 

Cat. No S080983-2). Pu.1 - Protocol 2: Cells were incubated with ADST buffer 

(1x PBS with 0.1M lysine, 10% donor calf serum, 0.02% sodium azide, 0.2% 

Triton-X 100) for 30 minutes at RT. This step simultaneously allowed cell 

membranes to be permeabilised and unspecific binding to be prevented. Cells 

were stained with the same mouse monoclonal anti-Pu.1 IgG2B (1:100, 1:250, 

1:500, 1:1000 dilutions) diluted in antibody buffer, and incubated overnight at 4°C. 

After 15 hours, cells were incubated at RT for 2 hours, followed by three 5-

minutes 1x PBS washes. Cells were stained for 1 hour at RT with Alexa Fluor 

488 donkey anti-mouse secondary antibody (1:400 dilution, Invitrogen, Carlsbad, 

CA, Cat. #A-21202) diluted in Dako antibody buffer. 
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Sall1 - Protocol 1: Cells were permeabilised with 0.2% Triton-X 100 PBS solution 

for 20 minutes, followed by three 5-minutes 1x PBS washes. Cells were then 

incubated with blocking buffer (1x PBS with 1% BSA and 0.1% Tween-20) for 1 

hour at RT. Cells were stained with mouse monoclonal anti-Sall1 [K9814] (1:100, 

1:250, 1:500 and 1:1000 dilutions, Abcam, Cambridge, UK, Cat. No ab41974) 

diluted in blocking buffer. Cells were incubated overnight at 4°C. After 15 hours, 

cells were washed three times for 5 minutes with 1x PBS followed by staining for 

1 hour at RT with Alexa Fluor 555 goat anti-mouse secondary antibody (1:400 

dilution, Invitrogen, Carlsbad, CA, Cat. #A-21422) diluted in Dako antibody 

diluent. Sall1 - Protocol 2: Cells were incubated with ADST buffer (1x PBS with 

0.1M lysine, 10% donor calf serum, 0.02% sodium azide, 0.2% Triton-X 100) for 

30 minutes at RT in order to allow cellular membranes to be permeabilised and 

unspecific binding to be prevented. Cells were stained with the same mouse 

monoclonal anti-Sall1 (K9814) (1:10, 1:50, 1:100, 1:250 dilutions) diluted in 

blocking buffer and incubated overnight at 4°C in the dark. After 15 hours, cells 

were incubated at RT for 2 hours, followed by three 5-minutes 1x PBS washes. 

Cells were then stained for 1 hour at RT with Alexa Fluor 488 donkey anti-mouse 

secondary antibody (1:400 dilution, Invitrogen, Carlsbad, CA, Cat. No A-21202) 

diluted in Dako antibody diluent.  

 

 

4.4.5.3 Fluorescence imaging 

After staining, cells were washed three times for 5 minutes with 1x PBS. Cells 

were counterstained with 4’,6- diamidino-2’-phenylindole dihydrochloride (DAPI) 

(1:5000 dilution, Sigma-Aldrich, St. Louis, MO, Cat. No: 10236276001) for 15 

minutes at RT, followed by three 1 minute 1x PBS washes. Coverslips were 

placed on Dako fluorescence mounting medium (Agilent, Santa Clara, CA, Cat. 

No: S302380-2) on microscope slides and left to air dry overnight. Coverslips 

were imaged on the Leica DM4000 B LED Fluorescence Microscope (Leica 

Microsystems, Wetzlar, Germany). 
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4.4.6  Gene expression assay to validate nuclei fraction purity 

300,000 nuclei were collected in 500µL of pre-chilled TRIzol™ LS Reagent 

(Invitrogen™, Cat No.11588616) and snap frozen on dry ice. Nuclear RNA was 

extracted from the separated nuclei suspension using the Direct-zol™ RNA 

MicroPrep column kit (Zymo Research, Cat No. R2060) following the 

manufacturer’s instructions. Complementary DNA (cDNA) was obtained through 

reverse transcription using the Invitrogen VILO cDNA synthesis kit (Life 

Technologies, Cat No. 11754050) in 20μL reactions according to the 

manufacturer’s instructions. 

Quantitative RT-PCR was performed in duplicate using the QuantStudio 12K Flex 

(Applied Biosystems) in conjunction with the TaqMan low-density array (TLDA) 

platform using off-the-shelf pre-optimized assays targeting (i) genes highly 

expressed in the major brain cell types to control for cell type identity (NEUN and 

ENO2 for neurons, OLIG2 for oligodendrocytes, GFAP for astrocytes, CD68 for 

microglia), and (ii) five housekeeping genes (ACTB, EIF4A2, GAPDH, SF3A1, 

and UBC) identified in previous studies (Marzi et al., 2018) as being the most 

stably expressed in the brain using GeNORM (Primer Design, Southampton, UK). 

PCR cycling conditions were 50°C for 2 minutes, 94.5°C for 10 minutes, and 45 

cycles of 97°C for 15 seconds and 60°C for 1 minutes. Stringent QC of raw qPCR 

data was undertaken, removing samples where there was high variability 

between duplicates (Ct > 0.5). The abundance of each test gene was determined 

by the comparative Ct method (Pfaffl, 2001) expressed relative to the geometric 

mean of the five housekeeping genes quantified in parallel. Data were log2-

transformed to ensure normal distribution and presented as a fold-difference in 

expression adopting the samples labelled as “total nuclei” (unsorted nuclei from 

the same sample) as baseline.  
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4.5  Results 

An improved FANS protocol based on previously published methods was 

developed for the separation of cell-type specific nuclei populations using 

AlexaFluor488 anti-NeuN monoclonal antibody (Millipore Cat No. MAB377X) 

(whose antigen is specific for neuronal cells) and NL577-conjugated anti-Sox10 

monoclonal antibody (R&D systems, Cat No. MAB5870) (whose antigen is 

specific for oligodendrocyte cells) (see Figure 4.6 for a schematic overview of the 

different stages of the FANS method). Multiple extraction methods were tested 

and compared in performance in order to obtain high quality, high yield genomic 

DNA as well nuclear RNA from purified nuclei fractions to be used in sensitive 

downstream applications (DNA methylation profiling, gene expression assays, 

RNA-seq, Chip-seq, ATAC-seq) for multi-omics analysis. Gene expression levels 

of known cell-type specific marker genes were also assessed using Taqman 

targeted assays to validate the enrichment and purity of the sorted populations. 

 

Figure 4.6. Schematic overview of the optimised FANS method. 
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4.5.1 High recovery of intact nuclei from frozen brain tissue using FANS 

Two FANS protocols selected from the literature were independently tested using 

post-mortem human brain tissue and their performance was compared in terms 

of nuclei recovery, purity and time consumption. The protocol from Kundakovic 

et al. (Kundakovic et al., 2017) (i.e protocol 2) was the most robust and yielded 

the most nuclei however the DNA quality and integrity was suboptimal for the 

downstream processes required. I have since optimised this protocol to further 

maximise the nuclei recovery  and obtain high quality, non degraded gDNA in 

order to interrogate multiple genomic marks in parallel (DNA methylation, 

chromatin accessibility and gene expression) from a small amount (500 mg) of 

cryopreserved human post-mortem brain tissue. 

The optimised multistep procedure begins with the tissue disruption by Dounce 

homogenisation in the presence of a detergent (non-ionic surfactant Triton X-100) 

to lyse cellular membranes and release the nuclei. However, the detergent can 

also permeabilise and lyse the nuclear envelope if added in high amount and/or 

for an extended period of time (Krishnaswami et al., 2016) therefore using the 

appropriate concentration of detergent is crucial for an adequate cell lysis and 

ultimately higher nuclei yield. To reduce heat caused by friction, the Dounce 

homogenization was performed on ice with gentle strokes, and care was taken to 

avoid foaming. Pre-cooling the homogenisation buffer is also an important aid in 

heat reduction during homogenization. Differently from the authors’ instructions, 

Doucing buffer was not utilised, instead tissue disruption was performed using 

the lysis buffer prepared as per published protocol. The number of Dounce 

strokes also required optimization and generally varied for each specimen: 

samples containing intracellular fibrous material or more fat tissue required more 

strokes. A complete/efficient homogenisation of the sample is indeed crucial to 

achieve optimal antibody staining and isolation by FACS without forming 

aggregates. However, although more homogenization (by increasing the number 

of strokes) released more nuclei, it also increased the number of damaged nuclei 

(Krishnaswami et al., 2016) therefore the number of strokes was kept at the 

minimum where possible stopping when solution looked visually uniform. Also, 

alternating loose with tight pestle proved to sensibly reduce the number of strokes 

required. Tissue douncing was followed by nuclei isolation via sucrose gradient 

ultracentrifugation as indicated in protocol 2 although minor amendments were 

made.  
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The homogenate from each specimen was distributed in multiple ultracentrifuge 

tubes of bigger capacity (12mL instead of 10 mL) (Thermo Scientific, Cat No: 

03699) making sure not to exceed 500 ul per tube as bigger volumes of sample 

per tube showed to impact the efficiency of the nuclei extraction (resulting in a 

nuclei pellet smaller in size with higher debris contamination). The tissue 

homogenate was slowly layered above 8 mL of sucrose buffer instead of 9 mL as 

recommended in protocol 2. The addition of further lysis buffer (2mL per tube) 

overlaid on the homogenate phase which was not included in the official protocol, 

was found to positively impact the nuclei extraction (bigger nuclei pellet). 

Furthermore, reducing the duration of the ultracentrifugation step from 1 hour to 

45 minutes as well as slightly increasing the recommended spin speed from 

106,803 x g to 108,670 x g was found to positively impact the intactness of the 

nuclei (i.e. reduced amount of debris and aggregates detected during FANS data 

acquisition) as well as the integrity of the gDNA isolated from them (as showed 

by the agarose gel images (see section 4.5.2.1). Implications on the gDNA are 

broadly discussed later in this chapter in section 4.5.2. Another relevant change 

from the original protocol was the adoption throughout the entire protocol of the 

same buffer solution containing a small percentage of BSA (10x PBS, 5% BSA, 

ddH20) utilised as resuspension, blocking and staining buffer for the nuclei 

samples and called for convenience staining buffer. This choice was dictated by 

the attempt to minimise the variation in pH and osmolarity to which the nuclei 

were exposed so to preserve their intactness. A brief and gentle washing step (5 

minutes at 800 x g) was also introduced immediately after the resuspension of 

the nuclei pellets in order to remove any residual from the density gradient (e.g. 

sucrose) which otherwise could have interfered with the subsequent staining 

stage. Supernatant was discarded and each pellet was resuspended in fresh, ice-

chilled staining buffer (500uL/pellet). Due to the initial choice of fractioning each 

specimen in multiple ultracentrifugation tubes, the resuspended nuclei aliquots 

derived from the same specimen were at this stage pulled together to keep the 

ratio nuclei/antibody molecules constant and minimize variation in staining 

efficiency among tubes. I found indeed, that by distributing the same specimen 

over multiple ultracentrifugation tubes after tissue douncing allowed to recover 

cleaner pellets ultimately improving nuclei recovery during sorting. Differently 

from the original protocol 2, DNA intercalating dye Hoechst 33342 (1.5 µL/1mL) 

was added to the pooled nuclei suspension prior staining with cell specific 
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antibodies to 1) assess whether the nuclei suspension contained encumbering 

amounts of non-nuclear material 2) to visualise nuclei during FACS. 150 µL of 

the nuclei suspension was then transferred into a separate tube so that for each 

specimen, two conditions were assessed: 1) stained (nuclei sample stained with 

Hoechst and nuclear markers) 2) unstained (Hoechst-only control). For both 

tubes a final volume of 2 mL was reached using ice-chilled staining buffer. To 

enable sorting of nuclei derived from different cell types, targeted immunostaining 

was achieved using 1) an Alexa488-conjugated antibody specific to NeuN, a 

nuclear membrane protein predominantly expressed by mature neurons and 2) a 

NL577-conjugated antibody specific to Sox10, a transcription factor critical for the 

terminal differentiation of oligodendrocytes. Therefore, into each stained tube, 

2µL anti-NeuN (1:1000 dilution) and 150µL of anti-Sox10 (1:10 dilution) were 

added simultaneously. Both tubes, stained and unstained, were wrapped in 

aluminium foil and incubated for 1.5 hours (instead of 60 minutes as per protocol 

2) at 4°C on a low speed rotor. The addition of the Sox10 antibody was the major 

novelty differentiating this method from the protocols here tested. To the best of 

my knowledge, at the time of testing no validated nuclear antibodies targeting 

human oligodendrocytes and suitable for FANS were available. The filtering step 

with a 35um cell strainer recommended in the original protocol was intentionally 

omitted as found to dramatically reduce the nuclear material in input. However, 

although not included in protocol 2, a second mild washing step was performed 

after the staining phase (5 minutes at 800 x g, RT) to remove the unbound 

antibody molecules with the purpose of limiting the background staining detected 

by FANS. Starting with the unstained sample (Hoechst-only stain) which was 

used as reference baseline, tubes were loaded into the FACS chamber. Data 

were acquired as per the pre-established gating parameters and sample 

performance was assessed for each specimen prior to proceed with nuclei 

collection. In line with both protocols’ recommendations, appropriate gates were 

set and adjusted to capture most nuclei while avoiding unnecessary debris. 

Figure 4.7 explains in detail the adopted gating strategy which, together with the 

abovementioned adjustments of the original protocol, has allowed to achieve the 

high enrichment in nuclei (≥70% of total events) observed across all samples 

processed (Figure 4.8). Gentle sort settings were recommended as they do not 

exert excessive mechanical force on the nuclei and keep collection volumes 

reasonable (Kundakovic et al., 2017). For these reasons, the 100µm nozzle was 
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adopted as it allows to achieve the less shearing force and the lower pre-set 

sheath fluid pressure (fixed parameter on our Aria III cell sorter). See Methods 

chapter for more details. For few test samples processed through the FANS 

pipeline, the collected aliquots of nuclei labelled as “NeuN+ve/Sox10+ve” 

(neuronal-enriched nuclei) and “NeuN-ve/Sox10+ve” (oligodendrocyte-enriched 

nuclei) were rerun through the cell sorter immediately after collection in order to 

confirm the validity of the gating strategy adopted. An intentionally strict cut off 

was applied by collecting the top and the bottom third of the events displayed 

during the sorting in order to prevent cross-contamination of purified populations. 

Figure 4.9 illustrates the distribution of detected events for purified NeuN-stained 

nuclei populations when re-run through the cell sorter.  

On average, every 500 mg of tissue yielded from 0.8 to 1.5 million neuronal and 

oligodendrocyte-enriched nuclei and up to 0.5 million double negative (other glia-

enriched) nuclei with neurons/oligodendrocytes ratio close to 1.0:1.5 (prefrontal 

cortex, healthy brain). However, great variability in the abundance of each cell 

type was observed from specimen to specimen, going from samples missing 

completely the double negative fraction of nuclei to samples where the 

oligodendrocytes were less abundant than neurons (ratio 0.8:1.0). Figure 4.10 

captures the variability in cell proportions across samples, reporting the cell count 

data provided by the cell sorter for every specimen processed. The predicted 

cellular composition of FANS-processed bulk brain samples was estimated using 

a reference based deconvolution model based on FANS sorted human brain data 

and Houseman algorithm (ref to DNA methylation arrays as surrogate measures 

of cell mixture distribution (Houseman et al., 2012)). For the majority of the 

samples, neuronal derived (dark magenta) and oligodendrocyte derived (deep 

pink) nuclei were the most abundant populations, followed by other glia (orange) 

(see Figure 4.11) therefore supporting the experimental data recovered from the 

cell count. Interestingly, the other glia nuclei population (orange) was the one 

showing disparities when comparing collected data and predicitons. This could 

be explained by the high variability shown by the antibody staining across 

specimens and the minor adjustment of gating strategy consequently required.  
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Figure 4.7 FANS gating strategy. 
(a) Particles smaller than nuclei (grey dots) were eliminated with an area plot of forward scatter (FSC-A) versus side scatter (SSC-A). (b) 

Plots of area versus width in the side scatter channel were used for doublet discrimination with gating aiming at excluding aggregates of 

two or more nuclei and (c) intact nuclei were determined by subgating on Hoechst 33342.Subsequent density plots discerning (d) NeuN-

Alexa Fluor488–conjugated antibody staining (magenta) (e) Sox10 NL577-antibody staining (deeppink) (f) the distribution of the three main 

nuclei subpopulations identified through double staining strategy (double+ve, neurons; double–ve, other glia; PE+ve/ FITC-ve, 

olygodendrocytes). The resultant hierarchical color key ensures that only nuclei that are positive or negative for staining with the NeuN 

and/or Sox10 antibody are passed through the subsequent gating condition. FACS gating of labeled nuclei was further confirmed via imaging 

on a microscope slide (data shown for NeuN staining only) (g-h).
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Figure 4.8 Nuclei purification QC. 
The actual identity of the events detected by the cell sorter was assessed by recording 

for each individual experiment the percentage of nuclei (dark grey) relative to the total 

events detected (100%). The barplot here shows the high enrichment in nuclei (≥ 75% 

of the total events) and marginal carry-over of cellular debris (turquoise) across the 12 

FANS samples confirming the efficacy of the density gradient centrifugation in obtaining 

highly purified nuclei suspensions. Data shown are those provided by the cell sorter for 

each individual experiment.  
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Figure 4.9 Sorting purity validation. 

Nuclei underwent single staining with anti-NeuN antibody and were sorted using FANS. The collected aliquots of nuclei, labelled as 

“NeuN+ve”(neuronal nuclei) and “NeuN-ve” (non-neuronal nuclei), were run back through the cell sorter immediately after collection in order 

to confirm the validity of the gating strategy adopted for the NeuN staining. An intentionally strict cut off was applied by collecting only the 

top and the bottom third of the events displayed during the sorting in order to prevent cross-contamination of purified populations. (a) Shown 

is a representative example of brain specimen stained with NeuN-Alexa Fluor488–conjugated antibody and sorted through FANS; when 

purified fractions were re-acquired through the cell sorter, nuclei populations distribution ranged into the pre-established gates revealing an 

high degree of purity as shown in (b) for the NeuN+ve fraction and (c) for the NeuN-ve fraction. 
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Figure 4.10 FACS Cell count. 
Barplot displaying the actual cellular composition of the FANS-processed brain samples 

(N=12). Data shown are those provided by the cell sorter for each individual experiment. 

For the majority of the cases, neuronal derived nuclei (darkmagenta) represents the most 

abundant population, followed by oligodendrocytes (deep pink). The other glia population 

(orange) is the rarest population across all samples, in some not detected at all. FACS, 

fluorescence-activated cell sorter; TN, Total nuclei; DN, double negative (NeuN-ve/Sx10-

ve); N-/S+ (NeuN-ve/Sox10+ve); DP, double positive (NeuN+ve/Sox10+ve). 
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Figure 4.11 Cell composition prediction for bulk brain tissue. 
Barplot displaying the predicted cellular composition of FANS-processed bulk brain 

samples using a reference based deconvolution model using FANS sorted brain and 

Houseman algorithm (ref to DNA methylation arrays as surrogate measures of cell 

mixture distribution (Houseman et al., 2012). For the majority of cases, neuronal derived 

nuclei (darkmagenta) and oligodendrocyte (deep pink) populations are the most 

abundant populations, followed by other glia (orange). FACS, fluorescence-activated cell 

sorter; DN, double negative (NeuN-ve/Sx10-ve); N-/S+ (NeuN-ve/Sox10+ve); DP, 

double positive (NeuN+ve/Sox10+ve). 
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4.5.2 High molecular weight genomic DNA can be obtained from sorted 
nuclei for high resolution downstream applications 

Following testing and comparing the output of various extraction techniques, 

DNA protocol 3 was adopted as standard method to isolate genomic DNA from 

purified nuclei populations due to the better performance displayed in terms of 

yield and purity. The table below reports the DNA measurements obtained with 

the Nanodrop 2000 (Table 4.2). On average, 200,000 nuclei (N events collected 

per aliquot) yielded ≥ 500 ng of gDNA. Figure 4.12 showing representative 

absorbance profiles for DNA samples obtained from sorted nuclei confirm the 

successful recovery of DNA. However, the absorbance ratios revealed traces of 

organic contaminants (e.g. phenol, proteins) absorbing at 280 nm (260/280<1.8) 

and significant salt contamination (260/230 < 2.0). The addition of the co-

precipitant GlycoBlue (Invitrogen Ltd, Inchinnan, UK) to help visualising DNA 

pellets might explain some sub-optimal ratios since the blue dye covalently linked 

to glycogen alone has absorbance peaks at both 230 and 260 nm therefore 

affecting the accuracy of the QC measurements. Despite this, the purified gDNA 

proved to be suitable for downstream applications and the lower purity did not 

seem to affect the results of the DNA methylation assay. 
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Sample 

Type 
Brain Bank ID My ID 

Nuclei 

Population (enriched) 
ng/µl 260/280 260/230 

DNA BRI_930 BRI1 Neurons 44 1.74 1.44 

DNA BRI_930 BRI1 Oligodendrocytes 40 1.69 1.58 

DNA BRI_930 BRI1 Other glia 62 1.71 1.54 

DNA BRI_930 BRI1 Total 89 1.69 1.53 

DNA BRI_945 BRI2 Neurons 63 1.67 1.56 

DNA BRI_945 BRI2 Oligodendrocytes 74 1.73 1.55 

DNA BRI_945 BRI2 Other glia 42 1.69 1.52 

DNA BRI_945 BRI2 Total 37 1.71 1.59 

DNA BRI_948 BRI3 Neurons 53 1.88 1.73 

DNA BRI_948 BRI3 Oligodendrocytes 62 1.84 1.77 

DNA BRI_948 BRI3 Other glia 38 1.81 1.71 

DNA BRI_948 BRI3 Total 38 1.86 1.76 

DNA BRI_957 BRI4 Neurons 64 1.67 1.68 

DNA BRI_957 BRI4 Oligodendrocytes 48 1.74 1.66 

DNA BRI_957 BRI4 Other glia 55 1.64 1.55 

DNA BRI_957 BRI4 Total 63 1.73 1.53 

DNA BRI_977 BRI5 Neurons 69 1.72 1.76 

DNA BRI_977 BRI5 Oligodendorcytes 55 1.76 1.78 

DNA BRI_977 BRI5 Other glia 57 1.66 1.73 

DNA BRI_977 BRI5 Total 57 1.77 1.69 

DNA BRI_996 BRI6 Neurons 27 1.73 1.42 

DNA BRI_996 BRI6 Oligodendrocytes 24 1.76 1.34 

DNA BRI_996 BRI6 Other glia 25 1.71 1.32 

DNA BRI_996 BRI6 Total 25 1.77 1.35 

DNA BRI_1030 BRI7 Neurons 25 1.8 1.3 

DNA BRI_1030 BRI7 Oligodendrocytes 23 1.7 1.27 

DNA BRI_1030 BRI7 Other glia 25 1.72 1.24 

DNA BRI_1030 BRI7 Total 24 1.73 1.29 

DNA KCL_A277/12-1 KCL1 Neurons 54 1.7 1.58 

DNA KCL_A277/12-1 KCL1 Oligodendrocytes 51 1.69 1.56 

DNA KCL_A277/12-1 KCL1 Other glia 57 1.71 1.54 

DNA KCL_A277/12-1 KCL1 Total 48 168 1.53 

DNA KCL_A237/16-1 KCL11 Neurons 48 1.79 1.48 

DNA KCL_A237/16-1 KCL11 Oligodendrocytes 38 1.77 1.49 

DNA KCL_A237/16-1 KCL11 Other glia 32 1.75 1.46 

DNA KCL_A237/16-1 KCL11 Total 43 1.77 1.51 
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DNA KCL_A291/17-1 KCL13 Neurons 64 1.69 1.86 

DNA KCL_A291/17-1 KCL13 Oligodendrocytes 72 1.61 1.82 

DNA KCL_A291/17-1 KCL13 Other glia 56 1.65 1.83 

DNA KCL_A291/17-1 KCL13 Total 67 1.67 1.77 

DNA KCL_A111/12-1 KCL15 Neurons 29 1.68 1.55 

DNA KCL_A111/12-1 KCL15 Oligodendrocytes 21 1.77 1.42 

DNA KCL_A111/12-1 KCL15 Other glia 21 1.69 1.51 

DNA KCL_A111/12-1 KCL15 Total 20 1.79 1.37 

DNA SD031/08 EDN Neurons 55 1.88 1.77 

DNA SD031/08 EDN Oligodendrocytes 61 1.81 1.74 

DNA SD031/08 EDN Other glia 44 1.79 1.7 

DNA SD031/08 EDN Total 58 1.83 1.75 

Table 4.2 Table of DNA yields.  
For every individual (N=12), the DNA content of each nuclei population was measured using the 
Nanodrop 2000 spectrophotometer. Sample purity and presence of contaminants was also 
assessed by examining the ratio values. On average, 200,000 nuclei (N events collected per 
aliquot) yielded ≥ 500 ng of gDNA. However, the ratios reveal traces of organic contaminants 
(e.g. phenol, proteins) absorbing at 280 nm (260/280<1.8) and significant salt contamination 
(260/230 < 2.0). Neurons, NeuN+ve/Sox10+ve nuclei; Oligodendrocytes, NeuN-ve/Sox10+ve 
nuclei; other glia, NeuN-ve/Sox10-ve nuclei. 
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Figure 4.12 Representative example of DNA profile for each nuclei fraction isolated 
from the same individual (BRI5). 
Results here shown are taken from Nanodrop2000 readings. Neun, NeuN+ve/Sox10+ve 

nuclei; Sox10, NeuN-ve/Sox10+ve nuclei; DoubleNeg, NeuN-ve/Sox10-ve nuclei; 

TotNuclei, unsorted nuclei. 

 

 

4.5.2.1  DNA quality assessment via agarose gel electrophoresis  

Despite the recommendations of both tested protocols suggesting an 

ultracentrifugation step of 1 hour duration to separate the nuclei component from 

the remaining cell content, I found that by reducing the spin time to 45 minutes 

the integrity and molecular weight of the extracted DNA was better preserved 

(narrow, defined bands in the gel although faded due to minimal loading 

concentration- Figure 4.13A) while longer duration of this initial step would 

dramatically impact the quality of the DNA causing evident nucleic acid 

degradation (faded bands with extended smear Figure 4.13B). 
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Figure 4.13 DNA quality check using 1% ethidium bromide agarose gel 
electrophoresis on test samples. 
(A) gDNA profile of four representative FANS-sorted nuclei fractions collected from the 

same specimen showing the integrity of the extracted nucleic acid when 

ultracentrifugation time was reduced to 45 minutes. (B) Representative gel picture 

showing the gDNA integrity for individual sorted nuclei fractions when ultracentrifugation 

step was performed for 1 hour as recommended in protocol 2.  DNA quality was checked 

for all 12 sorted brain samples. 

 

 

4.5.3 Nuclear RNA can be obtained from sorted nuclei and is suitable for 
sensitive downstream applications. 

Various extraction methods were tested for the purification of nuclear RNA from 

aliquots of FANS sorted nuclei (300,000 nuclei per aliquot). Manual extraction 

protocol (e.g. TRIZOL RNA Isolation) and column based ones (Qiagen AllPrep 

DNA/RNA Mini kit and RNeasy Mini Kit, Zymo Research Direct-zol™ RNA 

MicroPrep) were tested and compared in terms of yield, purity and quality in order 

to maximise the RNA recovery while preserving its integrity making it suitable for 

high sensitivity downstream applications such as RNA-seq.  

RNA protocol 1 (Qiagen AllPrep DNA/RNA Mini kit) was tested on nuclei 

fractions from five different FANS sorted brain specimen. Despite the advantage 

of a quick, streamlined procedure, the extraction resulted in complete loss of RNA 

as revealed by the Nanodrop readings where the absorbance curve was flat and 

the concentration detected below 10 ng/ul (data not shown). Because of the low 

concentration, the purity of the samples could not be assessed by analyzing the 

A260/280 and A260/230 ratios as outside the lowest concentration the NanoDrop 

is designed to measure. More sensitive methods such as an Agilent Biolanalyzer 

or Qubit analysis were therefore explored. However, similar measurements were 
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obtained with both approach with Bioanalyzer RIN scores ranging between 3.0 

and 4.0 (data not shown). 

The RNA protocol 2 performed better than the RNA protocol 1 in regards of RNA 

recovery (30-40 ng/ul). However, the RNA extracted following this method was 

compromised in its purity showing out-of-range absorbance ratios when 

quantified on the Nanodrop. The use of PLG tubes instead of regular eppendorfs 

did not seem to have a relevant impact on the extraction outcome, although in 

the latter case extra care was required when recovering the aqueous phase in 

order to prevent Trizol carryover. The addition of Glycoblue co-precipitant 

(Thermo Fisher Scientific, Cat. No AM9515) (0.7 µL per sample) at the stage of 

RNA precipitation (immediately after adding 100 % Isopropanol) was also 

required as extra step to increase the visibility of RNA pellets otherwise it was too 

small to be detected by eye. Although this addition prevented from accidentally 

disrupting or discarding RNA pellets, it also interfered with the RNA concentration 

measurements especially when based exclusively on the Nanodrop 

spectrophotometer readings due to the blue dye covalently linked to the glycogen 

which has emission peaks at both 230 nm and 260 nm. 

Post-extraction clean-up methods were also tested on nuclei-derived RNA 

samples in the attempt to improve the purity of RNA samples by removing 

contaminants and carryovers. Specifically, the RNeasy MinElute Cleanup kit 

(Qiagen, UK) was used as per manufacturer’s instructions. This spin column-

based kit is recommended for low RNA concentration thanks to small elution 

volumes as well as clean-up and desalting of RNA samples. Given the low input 

material, the clean-up process resulted in almost complete loss of the RNA along 

the process. Samples were quantified and checked for purity by 

spectrophotometry using the Nanodrop ND-2000 (Thermo Fisher Scientific, MA, 

US). Below is a representative example of Nanodrop report for the same RNA 

samples before and after spin-column based post-extraction clean-up (Figure 

4.14).  
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Figure 4.14 Nanodrop RNA profile for 4 nuclear RNA samples derived from the 
same brain specimen A) before and B) after clean-up. 
The lack of bell-shaped profile in the absorbance plot on the right as well as the 

spectrophotometer reading reveals the loss of RNA sample together with only partial 

removal of contaminants absorbing UV light (260/230 ratio did not improve). NeuN, 

NeuN+ve/Sox10+ve nuclei; Sox10, NeuN-ve/Sox10+ve nuclei; DoubleNeg, NeuN-

ve/Sox10-ve nuclei; Total, unsorted nuclei. 

 

 

For these reasons, among the three methods tested, the Zymo Research 

extraction kit, Directzol RNA MicroPrep (Zymo Research, UK, Cat No. R2060) 

was chosen for the purification of high-quality, DNA-free, RNA directly from 

TRIzol bypassing traditional phase separation and precipitation procedures. This 

kit enabled a better purification of the RNA samples from contaminants as 

revealed by the improved 280/260 and 260/230 absorbance ratios. Table 4.3 

reports the nanodrop measurements for 35 RNA samples extracted using the 

Direct-zol™ RNA MicroPrep (Zymo Research, UK) and Figure 4.15 shows an 

example of the typical RNA profile observed for nuclear RNA from sorted nuclei 

populations. 
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Table 4.3 Table results of RNA samples quantification.  
Data exported from the Nanodrop spectrophotometer showing concentration of nuclear 
RNA per ul (column labelled “Nucleic Acid”) and purity measurements (260/280, 260/230 
ratios) for each sample.  
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Figure 4.15 Representative example of RNA profile for each individual nuclei 
fraction sorted from the same individual. 
NeuN, NeuN+ve/Sox10+ve (neuronal enriched-nuclei); Sox10 (NeuN-ve/Sox10+ve, 

(oligodendrocyte-enriched nuclei); DoubleNeg, NeuN-ve/Sox10-ve (other glia-enriched 

nuclei); Total, unsorted nuclei modelling bulk tissue. 

 

As further quality check, randomly selected RNA samples were also run on the 

Agilent Bioanalyzer 2100 and on the Agilent Tape Station 2200 for purity and 

integrity assessment as well as to compare the yields with those provided by the 

Nanodrop. For both assays, the RNA Integrity Number (RIN), a widely accepted 

measure of RNA degradation, ranged between 3.0 and 4.5 revealing that the 

nuclei-derived RNA samples are not optimal for RNA sequencing or other high 

sensitivity gene expression assays which are known to require high quality input 

RNA (RIN ≥ 7.0). Figure 4.16 illustrates a representative example of Tape Station 

data for nuclear RNA samples extracted from sorted nuclei using RNA protocol 

2. It is worth noting however that both assays for RNA quality assessment are 

tailored to capture eukaryotic total RNA and therefore might not perform as 

expected when using nuclear RNA samples. Moreover, the RIN is calculated by 

looking at the ratio of the ribosomal RNAs which are found at lower amounts in 
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the nucleus than cytoplasm which again could explain the very low values 

showed by these RNA samples during the quality assessment. Furthermore, the 

RNA ScreenTape (Tape Station, Agilent Technologies, UK) and RNA 6000 Nano 

assay (BioAnalyzer, Agilent Technologies, UK) here utilised, despite being highly 

sensitive, might not be sufficient to detect very low amount of RNA when 

degraded or small size and the adoption of  more sensitive assays could have 

been more informative. For example, high Sensitivity RNA ScreenTape assay 

provides efficient and reliable separation of total RNA samples of limited 

abundance down to 100 pg/µl, equivalent to the RNA 6000 Pico assay using the 

Agilent Bioanalyzer for the analysis of RNA samples of low abundance down to 

50 pg/µL of total RNA. Lastly, the inconsistency of conventional methods for the 

evaluation of RNA quality has been widely discussed (Imbeaud et al., 2005, 

Alderman, 1988). Hence, despite failing the initial quality assessment, nuclei-

derived RNA samples were used for reverse transcription and evaluated in their 

performance in qPCR assays. 
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Figure 4.16 Eukaryotic RNA analysis using Agilent RNA ScreenTape assay. 
Representative example of (A) gel electrophoresis image providing details about the RIN and RNA concentration per nuclei fraction; (B) Electropherogram 

showing the ladder profile in comparison with the profile of nuclear RNA from sorted nuclei. NeuN-ve/Sox10+ve (oligodendrocyte-enriched nuclei); NeuN-

ve/Sox10-ve (other glia-enriched nuclei).
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4.5.4 Immunostaining of cultured cell lines revealed the spatial expression 
pattern of candidate cell type-specific nuclear markers 

Due to the difficulty in finding effective nuclear antibodies suitable for flow 

cytometry applications an alternative approach was utilised to verify the claims of 

literature and databases in regards to the specificity of these markers in targeting 

the nucleus. Macrophages have a tissue-specific identity determined by tight 

transcriptional regulation of uniquely expressed genes (Gosselin et al., 2014). 

Microglia, as cells derived from primitive macrophage progenitors (Ginhoux et al., 

2010), express these unique signature genes (Wes et al., 2016). The scientific 

literature was enquired to identify microglia signature genes encoding for nuclear 

proteins, two of which (details in Table 4.4) have been tested using ICC on a 

SV40 immortalized microglia cell line. 
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Gene 

ID 

Encoded 

protein 
Biological Function 

Cellular localisation 

& expression 

Spi1 Pu.1 

-Essential transcription factor for 

microgliogenesis 

-Essential lineage-determining transcription 

factor in primary macrophages 

-Nuclear localisation (Smith et al., 2013, Heinz et al., 2010) 

-Microglia extracted from mixed glial cultures express Pu.1 

(Rustenhoven et al., 2016) 

-Human induced microglia express Pu.1 in nucleus (Sellgren et al., 

2017) 

-Pu.1 mRNA continuously expressed during microglial 

development (Kierdorf et al., 2013) 

-Spi1 -/- knockout mice were devoid of all microglia (Kierdorf et al., 

2013) 

SALL1 Sall1 

-Transcriptional regulator (Buttgereit et al., 

2016)) transcriptional repressor with 

unknown target genes (Koso et al., 2016) 

-Role in maintaining microglia identity in vivo 

(Buttgereit et al., 2016)(27776109) and 

microglia morphology  during development 

(Koso et al., 2016) 

-High expression levels in adult microglia (Gautier et al., 2012) 

-Microglia expression in healthy human CNS (Lavin et al., 2014) 

(although restricted to the haematopoietic compartment of the CNS 

(Buttgereit et al., 2016) 

- Not expressed by non-microglial mononuclear phagocytes 

(Buttgereit et al., 2016, Koso et al., 2016) 

Table 4.4 Candidate microglia-specific nuclear markers.  
Overview of the two candidate genes identified through literature search by Alexandra Sherrell, EH4 student in our group and tested by ICC 

on SV40 microglia cell line. Cellular localisation, specificity to microglia and biological function of the corresponding encoded proteins is 

provided. 
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4.5.4.1 Growth of SV40 immortalised primary human microglia 

Human microglia derived from Primary Human Microglia Cells (>99% purity) 

(Accegen Biotech, Cat.No ABI-TC4171) immortalised used the Lenti‐SV40 

Lentivirus (SV40 cell line) was acquired and grown indefinitely in cell culture using 

the microglial Cell Medium Kit (AcceGen Biotech, Cat. No ABI-TM009). After 

growing and plating (30,000 cells per coverslip) the coverslips coated with SV40 

immortalised microglia were imagined before staining using the EVOS XL Core 

Configured Microscope (Invitrogen, Carlsbad, CA) to confirm presence and 

identity of microglia (Figure 4.17). 

 

 

Figure 4.17 Confirmation of cell growth of SV40 immortalised microglia. 

Immunocytochemistry images depicting SV40 microglia acquired at A) x 10 
magnification and B) × 20 magnification. Both images were taken with the EVOS XL Core 
Cell Imaging System (Invitrogen, Carlsbad, CA). The scale bar represents 100 µm. 

 

 

 

4.5.4.2 Anti-Pu.1 monoclonal antibody does not stain SV40 microglia nuclei 

Previous immunocytochemical analyses have shown that the anti-PU.1 antibody 

stains the nuclei of microglia isolated from mixed glial cultures (Rustenhoven et 

al., 2016, Smith et al., 2013) and nuclei of human induced microglia (Sellgren et 

al., 2017). However, when SV40 microglia were stained with a mouse monoclonal 

anti-Pu.1 at 1:100, 1:250, 1:500 and 1:1000 dilutions, according to two different 

protocols, no evidence of a nuclear signal was found (Figure 4.18). 
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Figure 4.18 Anti Pu.1 monoclonal antibody does not stain SV40 microglia nuclei. 
A representative example of confocal images of SV40 microglia acquired at × 40 

magnification with a confocal laser scanning system depicting the staining of Pu.1 in 

SV40 microglia, where green is Pu.1. Nuclei were imaged using DAPI (blue). A-C: SV40 

microglia stained with DAPI (1:5000) and mouse monoclonal anti-Pu.1 (1:250) according 

to Pu.1 Protocol 1. The same antibody showed stronger signal of fluorescence at 1:250 

dilution. A) DAPI (1:5000) staining microglia nuclei (blue). B) Anti-Pu.1 primary antibody 

(1:250) followed by anti-mouse Alexa Fluor488 secondary antibody staining (1:400) 

revealed weak extra-nucleic signal (green). C) Overlay of DAPI and Pu.1 staining 

showing that Pu.1 staining does not co-localise with DAPI staining. White arrows 

highlight distinct signals location for DAPI and Pu.1.  D-F: SV40 microglia stained with 

DAPI (1:5000) and mouse monoclonal anti-Pu.1 (1:1000) according to Pu.1 protocol 2 

instructions. 1:1000 anti-Pu.1 showed higher fluorescence intensity. D) DAPI (1:5000) 

staining of microglia nuclei. E) Anti-Pu.1 (1:1000) primary antibody + anti-mouse Alexa 

Fluor488 secondary antibody staining (1:400) revealed very green signal. F) Overlay of 

D and E confirming that Pu.1 signal does not overlap with DAPI signal and therefore 

suggesting that the Pu.1 staining is not localised within the nucleus area. Orange arrow 

showing potential overlap of DAPI and Pu.1 fluorescence in an individual cell. All images 

were taken on Leica DM4000 B LED Fluorescence Microscope (magnification 40 x; scale 

bar = 10 μm). 

 

 

Images from microglia stained following Pu.1 Protocol 1 showed a very weak 

signal under very high exposure (Figure 4.18B), not localised to microglia nuclei 

(Figure 4.18C). Microglia were also stained as per Pu.1 Protocol 2 which differ 

compared to Protocol 1 in the permeabilising and blocking step. This ensured 

that these stages were not responsible for the lack of nuclear signal and gave the 

cells a longer incubation period with the primary antibody, ensuring optimal 

staining conditions. Imaging of microglia stained according to Protocol 2 again 

showed a very weak signal under high exposure (Figure 4.18E). The overlay of 
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the DAPI with the Pu.1 signal revealed that the weak Pu.1 fluorescence was not 

localised to microglia nuclei (Figure 4.18F), except for one potential instance 

(orange arrow in Figure 4.18F).  

The ICC analysis did not provide evidence that further optimisation could have 

enhanced signal intensity or detection of nuclear localisation; therefore, 

suggesting that Pu.1 was not an effective microglia-specific nuclear marker for 

SV40 immortalised primary human microglia. 

 

4.5.4.3 Anti-Sall1 monoclonal antibody stains SV40 microglia nuclei 

SV40 microglia were stained with a mouse monoclonal anti-Sall1 at 1:100, 1:250, 

1:500 and 1:1000 dilutions as per Protocol 1 instructions. Fluorescence 

microscopy showed evidence of nuclear antibody binding and a weak Sall1 signal 

(Figure 4.19). Although the signal was weak, it had mostly nuclear localisation 

(Figure 4.19C and 4.19F), indicating that the antibody had bound to Sall1 within 

SV40 microglia nuclei. However, Sall1 signal was detected outside the nucleus 

area (yellow arrow in Figure 4.19F) suggesting that its expression within the cell 

might not be exclusively intranuclear but also perinuclear. 
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Figure 4.19 Anti-Sall1 monoclonal antibody stains SV40 microglia nuclei 
(Protocol1).    
A representative example of confocal images of SV40 microglia acquired at × 40 
magnification with a confocal laser scanning system depicting the staining of Sall1 in 
SV40 microglia, where red is Sall1. Nuclei were imaged using DAPI (blue). A-C: SV40 
microglia stained with DAPI (1:5000) and mouse monoclonal anti-Sall1 (1:100) according 
to Sall1 Protocol 1 guidelines. A) DAPI (1:5000) staining of microglia nuclei (Blue). B) 
Anti-Sall1 (1:100) primary with Alexa Fluor 555 secondary antibody (1:400) stains 
microglia nuclei (red) although the signal intensity is low. C) Overlay of A and B showing 
where Sall1 signal overlaps with DAPI signal; there is evidence of nuclear staining. D-F: 
SV40 microglia stained with DAPI (1:5000) and mouse monoclonal anti-Sall1 (1:500) 
following Sall1 Protocol 1.D) DAPI (1:5000) stains microglia nuclei (blue). E) Anti-Sall1 
(1:500) primary with Alexa Fluor 555 secondary antibody (1:400) stains microglia nuclei 
(red). F) Overlay of A and B showing where Sall1 signal overlaps with DAPI signal; there 
is evidence of nuclear staining. White arrows highlight examples of staining co-
localization. Yellow arrow indicates extra-nuclear Sall1 signal. All images were taken on 
Leica DM4000 B LED Fluorescence Microscope (magnification 40 x; scale bar = 10 μm). 
 

 

 

 

While the DAPI signal was strong in SV40 microglia nuclei, the nuclear signal 

detected for Sall1 was extremely weak. Therefore, the immunostaining protocol 

for Sall1 underwent minor adjustments in an attempt to optimise the staining 

conditions. Higher concentrations of the primary antibody (1:10, 1:50, 1:100 and 

1:250 dilutions) and longer incubation period were tested (see Sall1- Protocol 2 

for details). Alexa Fluor 488 was used as the secondary antibody rather than 

Alexa Fluor 555. When SV40 microglia were stained with the same mouse 

monoclonal anti-Sall1 following the protocol adjustments, a moderately stronger 

signal was detected with evidence of nuclear localisation (Figure 4.20). 
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Figure 4.20 Anti-Sall1 monoclonal antibody stains SV40 microglia nuclei 
(Protocol2). 
A representative example of confocal images of SV40 microglia acquired at × 40 

magnification with a confocal laser scanning system depicting the staining of Sall1 in 

SV40 microglia, where green is Sall1. Nuclei were imaged using DAPI (blue). A-C: SV40 

microglia stained with DAPI (1:5000) and mouse monoclonal anti-Sall1 (1:100) according 

to Sall1 Protocol 2 guidelines. A) DAPI (1:5000) stains microglia nuclei (Blue). B) Anti-

Sall1 (1:100) primary with Alexa Fluor 488 secondary antibody (1:400) stains microglia 

nuclei (green). C) Overlay of A and B showing where Sall1 signal overlaps with DAPI 

signal; there is evidence of nuclear staining although the staining signal is beyond DAPI 

staining. D-F: SV40 microglia stained with DAPI (1:5000) and mouse monoclonal anti-

Sall1 (1:250) following Sall1 Protocol 2. D) DAPI (1:5000) stains microglia nuclei (blue). 

E) Anti-Sall1 (1:250) primary with Alexa Fluor 488 secondary antibody (1:400) stains 

microglia nuclei. F) Overlay of D and E showing where Sall1 signal overlaps with DAPI 

signal. All images were taken on Leica DM4000 B LED Fluorescence Microscope 

(magnification 40 x; scale bar = 10 μm). 

 

 

Although the Sall1 signal was localised to microglia nuclei, the antibody binding 

sites were not completely overlapping the DAPI binding sites; images from 

microglia stained according to Protocol 2 showed that anti-Sall1 stains beyond 

the edges of DAPI staining (Figure 4.20C, F). Nonetheless, the optimisation of 

anti-Sall1 immunostaining confirmed that the mouse monoclonal anti-Sall1 does 

in fact stain SV40 immortalised primary human microglia nuclei, generating a 

moderate immunofluorescence signal, suggesting therefore that the Sall1 

transcription factor could be exploited as a microglia-specific nuclear marker. 

 

 

 



282 
 

4.5.5 Testing of candidate antibodies for targeted immunostaining of 
nuclei suspensions revealed inconclusive results  

A broad literature search along with the investigation of gene expression 

databases (e.g. The Human Protein Atlas) was conducted to identify candidate 

markers for nuclei staining of neural cells. English-language, peer-reviewed 

publications published from January 1990 to June 2019, were located using 

PubMed, Medline, and ScienceDirect using various combinations of search 

terms: i) “nuclear antibody AND brain cells” ii) “nuclear marker AND human brain”, 

iii) “nuclear marker AND human oligodendrocytes (or microglia or astrocytes)”. 

Hand searching was also carried out and studies conducted in mouse model were 

also considered. Commercially available antibodies specific for the selected 

marker genes were tested on nuclei suspensions harvested through density 

gradient ultracentrifugation prior to sorting. The outcome of the testing is 

summarized in the table below (Table 4.5). 
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Table 4.5 Table results summarising the outcome of the antibody testing for nuclear staining of different neural cell types. 
Each antibody has been tested at different concentrations and incubation times on purified nuclei suspensions obtained through FANS. For full details 
about each antibody see Table 4.1.  

Target cell 
Antibody 

tested 
Supplier 

Pre-

conjugated 
Comments 

Oligodendrocytes 
SOX10 

Santa Cruz 

Biothechnology 
PE Failed to detect positively stained population at all concentration tested 

R&D Systems X Failed to detect positively stained population at all l concentration tested 

R&D Systems X Failed to detect positively stained population at all concentration tested 

R&D Systems NL577 Positively stained population successfully detected at all concentration tested 

OLIG2 Millipore AlexaFluor 555 Failed to detect positively stained population at all concentration tested 

Astrocytes 

PAX6 Abcam AlexaFluor 647 Failed to detect positively stained population at all concentration tested 

SOX9 
Santa Cruz 

Biothechnology 
X Failed to detect positively stained population at all concentration tested 

ALDOC 
Abcam X Failed to detect positively stained population at all concentration tested 

Abcam PE  Failed to detect positively stained population at all concentration tested 

Microglia 

 

PU.1 

Santa Cruz 

Biothechnology 
AlexaFluor 647 Failed to detect positively stained population at all concentration tested 

R&D Systems X Failed to detect positively stained population at all concentration tested 

SALL1 Abcam X Failed to detect positively stained population at all concentration tested 

IRF8 Invitrogen APC Positively stained population successfully detected at all concentration tested  

GABA neurons SOX6 Abcam X Failed to detect positively stained population at all concentration tested 



284 
 

To conclude, out of the nine tested, only two novel nuclear antibodies were 

successful for nuclei immunolabelling using FANS: Sox10, marking mature 

oligodendrocytes and Irf8 which is instead specific to human microglia. Both 

markers were therefore subjected to titration in order to determine the optimal 

antibody concentration and were stably integrated in the staining procedure of 

this optimised FANS protocol. Figure 4.21 illustrates a representative example 

of data acquired during a FANS run where neural nuclei underwent triple staining. 
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Figure 4.21 FANS triple-staining strategy.  
a) Particles smaller than nuclei (black dots) were eliminated with an area plot of forward scatter (FSC-A) versus side scatter (SSC-A), with 
gating for nuclei-sized particles inside the gate (box). (b) Plots of height versus width in the side scatter channel are used for doublet 
discrimination with gating to exclude aggregates of two or more nuclei. (c) Doublet discrimination gating was used to visualise nuclei by 
subgating on Hoechst 33342 (d, f). Subsequent scatterplots discerning (d) NeuN-Alexa Fluor488–conjugated antibody staining (magenta) 
(e) Sox10 NL577-stained nuclei (darkpink) (f) IRF8-APC stained nuclei (darkblue). The resultant hierarchical colour key ensures that only 
nuclei that are positive or negative for staining with the NeuN and/or Sox10/Irf8 antibody are passed through the next gating condition. (g) 
The distribution of the three main nuclei subpopulations identified through triple staining strategy reveals how the IRF8+ve population 
(darkblue) sits within the double-ve fraction (orange) but does not fully overlap with it unveiling a fourth population (triple negative) likely to 
be constituted predominantly by astrocytes.
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4.5.6 Targeted gene expression (TLDA) results confirmed enrichment of 
sorted nuclei for distinct cell type 

Targeted gene expression analysis was performed on RNA extracted from two 

sorted brain specimen to confirm the identity of each purified nuclei population. 

Transcripts known to be enriched in major brain cell types (NEUN and ENO2 

(neurons), OLIG2 (oligodendrocytes), GFAP (astrocytes) and CD68 (microglia)) 

were quantified across the sorted nuclei populations. Expression levels of each 

cell-type marker gene were normalised to 5 reference genes (ACTB, EIF4A2, 

GAPDH, SF3A1, UBC) previously reported for being stably expressed in the 

human brain (Marzi et al., 2018). Expression of NEUN and ENO2 transcripts, 

established markers of mature neurons, were enriched in the NeuN+ve/Sox10ve 

nuclei fraction, while showing lower expression levels in the remaining two sorted 

fractions (NeuN-ve/Sox10+ve and NeuN-ve/Sox10-ve) (Figure 4.22 a, b). In 

contrast, expression of OLIG2 gene was found enriched in the NeuN-

ve/Sox10+ve nuclei fraction while almost undetectable in the other two nuclei 

populations (Figure 4.22 c). Finally, both GFAP, a marker of astrocytes, and 

CD68, a microglia marker, showed higher expression levels in the double 

negative (NeuN-ve/Sox10-ve) nuclei population (Figure 4.22 d, e) compared to 

the other two populations supporting the hypothesis that the double negative 

fraction gathers the other two most abundant cell types in the brain: astrocytes 

and microglia.  
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Figure 4.22 Relative gene expression analysis of cell markers in FANS sorted 
nuclei population. 
NEUN and ENO2, neuronal markers; GFAP, astrocyte cell marker; OLIG2, 

oligodendrocyte cell marker; CD68, microglia cell marker. Results (fold ratio) for two 

distinct specimens are shown. Expression levels of each cell-type marker gene were 

normalised to 5 reference genes (ACTB, EIF4A2, GAPDH, SF3A1, UBC) knowing to be 

stably expressed in the human brain. Each gene assay was run in triplicates. Total 

fraction was set as baseline for comparisons. Abbreviations: DN, NeuN-ve/Sox10-ve; 

DP, NeuN+ve/Sox10+ve, N-/S+, NeuN-ve/Sox10+ve; TN, total nuclei. 
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4.6  Discussion 

This work has optimised previous FANS protocols and its array of applications 

for use in post-mortem human brain allowing us to maximise and diversify the 

nature of data generated from each brain specimen. Leveraging upon existing 

techniques for FANS of post-mortem cortex, the yield and integrity of the isolated 

nuclei was significantly improved achieving minimal debris carry over (~20%) with 

nuclei recovery ranging from 70% to 80% therefore reducing the amount of 

valuable post-mortem tissue needed to solely 500 mg. The immunolabelling 

panel, originally limited to the characterisation of the NeuN staining (neuronal vs 

non-neuronal) was implemented with the anti-Sox10 antibody to collect 

populations enriched in neuronal cells (NeuN+ve/Sox10+ve) oligodendrocytes 

(NeuN-ve/Sox10+ve) and other glial cells (NeuN-ve/Sox10-ve). 

The optimised protocol yields at least 500 ng of high molecular weight genomic 

DNA per nuclei fraction, which is ample for microarray-based epigenomic 

profiling. Genomic DNA samples from each nuclei population were run on 

IIlumina EPIC array (Illumina, CA, USA) and QC checks as well as exploratory 

statistical analyses were undertaken (see Chapter 5 for details). The procedure 

supplied sufficient nuclear material to also quantify chromatin accessibility 

(ATAC-seq) and histone modifications (Cut&Run-seq) (ongoing work, data not 

show here) enabling the quantification of multiple marks of gene regulation. 

Nuclear RNA was also extracted from these fractions and real-time qPCR 

performed using Taqman low-density array in order to provide an independent 

validation of specificity for the FACS-based nuclei purification (refer to section 

4.5.6). Specifically, expression levels of cell type-specific phenotypic marker 

genes such as GFAP (astrocyte marker), RBFOX3 and ENO2 (neuronal 

markers), CD68 (microglia markers) and OLIG2 (oligodendrocyte marker) were 

assessed across sorted nuclei populations confirming the expected cell identity.  

In order to further discriminate the composition of the nuclei fractions as well as 

validate the accuracy of the FANS approach, nine new candidate cell type-

specific nuclear markers (see Table 4.5 for a summary) were identified within the 

literature to immuno-label as many distinct populations as possible within the 

nuclei mixture. IRF8, a marker of microglia, proved to be successful in identifying 

the microglia population within the glial-enriched (NeuN-ve/Sox10-ve) fraction 

and was therefore stably implemented in the staining procedure (ongoing study). 
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However, given the difficulty in finding cell specific markers suitable for nuclei-

based applications, immunocytochemistry techniques were adopted to confirm 

the nuclear localisation of those antibodies proposed by the literature as targeting 

the nucleus which however failed the immunolabelling when tested on FANS (for 

an example see Chapter 4- Appendix F) . Specifically, three candidate nuclear 

antibodies were tested on cultured human derived cell lines using ICC: ALDOC1, 

candidate astrocyte nuclear marker, was tested on SH-SY5Y neuroblastoma cells 

and U373 astrocytoma cells. PU.1, and SALL1 (candidate microglia-specific 

markers) on SV40 microglia cells. For each antibody tested, different staining 

conditions, antibody dilutions and incubation times were examined. The ICC 

study offered valuable insights uncovering some of the reasons (e.g. peri-nuclear 

staining, different sensitivity, and variable antibody performance) which could 

explain the failed testing when the same antibodies (e.g. anti-SALL1) were used 

for FANS applications and therefore highlighting unforeseen limitations of this 

approach. 

To the best of my knowledge, this is the first FANS protocol (publicly available on 

Protocols.io, dx.doi.org/10.17504/protocols.io.bmh2k38e) which allows to 

systematically separate and characterise on a multi-omics level three different 

cell types while utilising a small amount (~500mg) of cryopreserved human post-

mortem brain tissue. Hence, this protocol has the potential to enhance the 

interpretation of previous findings derived from studies in bulk brain and elucidate 

whether the affected biological processes in the context of brain disease are 

driven by a specific cell type or whether reported differences simply reflect 

changes in cell-type proportions.  

 

4.6.1  Optimization of nuclei extraction and purification 

A number of adjustments were needed to maximise the nuclei yield as the main 

scope of this work was to perform multiple omics assays across multiple distinct 

neural cell populations (including neurons, oligodendrocytes and glial cells) from 

a small amount (~500mg) of cryopreserved human post-mortem brain tissue. 

Due to loss of nuclei and damage to those recovered, any filtration step was 

omitted from this revised protocol. Centrifugation for a lengthy amount of time or 

at excessive speed although increases the yield of the nuclei, it also tends to 

promote contamination by non-nuclear material, as aggregates of cell debris 
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sediment faster than nuclei (Wu et al., 2014, Krishnaswami et al., 2016). For this 

reason, minor but substantial changes were made during the ultracentrifugation 

stage (e.g. spin length reduced to 45 min while speed was increased to 108,670 

x g) since these were found to drastically impact the integrity and quality of the 

genomic DNA extracted from sorted nuclei. As already observed by the authors 

in protocol 1 (Krishnaswami et al., 2016), lack of nuclei within the specimen tissue 

as well as inadequate cell lysis to release nuclei or improper centrifugation were 

found to be the most frequent cause of low nuclei yield.  Recovery was sensibly 

improved by keeping the number of freeze-thaw cycles at the lowest possible, by 

adjusting the number of Dounce strokes during homogenisation and by adapting 

the density gradient and the speed of centrifugation to the sample type. 

 

4.6.2 Nuclear immunolabelling testing 

There are several variables that need to be taken into consideration before 

selecting an isolation technique: purity, yield, intactness and frequency as well as 

isolation expense and time, and also availability of specific markers for isolation 

(Dainiak et al., 2007, Rahmanian et al., 2017). Although centrifugal sedimentation 

can be considered a simple, fast, and inexpensive cell fractionation method, this 

technique isolates cells based on the difference in size and/or density 

(Rahmanian et al., 2017) therefore high cell purity cannot be achieved unless 

adopting cell-type specific markers targeting the nucleus. Despite the panel of 

tested antibodies being broad and sourced from multiple robust studies, the 

majority of them failed to show evidence of immunolabelling when tried on human 

tissue derived nuclei samples. Various factors could help explaining these 

negative results. Firstly, the actual localisation of the antigens targeted by the 

antibodies. As observed thanks to the complementary ICC assays for Adolase C 

(astrocyte marker) (section 4.4 4.2) or Pu.1 (microglia marker) (section 4.4.5.2), 

the antigen to which the antibody bond is often located in the cytoplasmic space 

adjoining the nucleus (which is removed during the density gradient purification) 

or between the nuclear membrane layers which are likely to collapse during the 

FANS procedure due to the fragile nature of nuclei in suspension.  Secondly, the 

different sensitivity between flow cytometry and immunocytochemistry in antigen 

detection is widely documented (Cordone et al., 2016, Balmaceda et al., 1995, 

Fine and Mayer, 1993). Immunophenotyping by flow cytometry is an objective 
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and quantitative method ideally suited to identify small populations of cells (Ward, 

1999). Specificity and sensitivity of flow cytometry was found to be of 100% and 

87.8%, respectively in a study comparing its performance to 

immunohistochemistry analysis for the detection of tumour cells (van der Meulen 

et al., 2018) suggesting specificity as the major strength of flow cytometry while 

being less accurate in detection. However, in another study similarly interested in 

the characterisation of cancer tissue, flow cytometry proved to be more sensitive 

than immunohistochemistry for the identification of selected markers, for antigen 

intensity quantification as well as for the evaluation of antigens co-expression on 

different cell populations (Cordone et al., 2016) highlighting the added value 

granted when performing flow cytometry.  

Another important consideration when building multicolour panels is the titration 

of the chosen antibodies. Excess antibody will bind at low affinity and create 

background that will reduce the resolution and therefore mask the true signal. On 

the contrary, too little antibody may result in a false negative effect. Antibodies 

will preferentially bind to the high-affinity epitope they are raised to target (your 

target of interest). However, if there is an excessive amount of antibody around, 

and the primary targets are occupied, the antibody will bind to low-affinity targets 

(off-target effects). This is especially true in the case of intracellular targets 

(Telford et al., 2009). It is therefore important to determine the right concentration 

of antibody needed for a specific sample type. To be able to make accurate 

measurements of fluorescence, it is important to maximise the signal while 

reducing the noise. Some noise which comes from the cells (auto-fluorescence) 

and the inherent noise in the system is unavoidable (Maecker et al., 2004). 

Titration helps minimizing noise due to non-specific binding of the antibodies to 

low-affinity targets. For these reasons, for both working markers, NeuN and 

Sox10, a known amount of nuclei were stained with decreasing concentrations of 

antibody and fluorescence signals were analysed to determine the best signal-

to-noise ratio using standard calculations. Despite antibody concentration being 

the critical factor, there are other variables influencing the titration: i) time of 

incubation, ii) temperature of incubation and iii) number of cells. The testing of 

candidate marker for FANS was performed consistently at 4°C and for 1.5 hours 

for a matter of practicality and time saving purposes. Further testing under 

different staining conditions might have yielded different results. Another common 
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factor which usually play an important role in antibody testing is the variation in 

performance often showed by different batches of the same antibody as well as 

the variation in performance of the same antibody when provided by different 

suppliers.  

Although successfully adopted in a previous study for the purification of 

GABAergic neurons (Kozlenkov et al., 2016), the staining at two different 

concentrations (1:50, 1:400) and incubation time (45 minutes vs 2 hours) with a 

rabbit monoclonal primary antibody specific to Sox6 (see Table 4.1 for details) 

followed by PerCP-conjugated secondary staining did not result in the distinctive 

labelling of the gabaergic neuronal subpopulation within the NeuN+ve fraction as 

expected in line with the data reported by Kozlenkov et al. (Kozlenkov et al., 

2016). However, the antibody used by Kozlenkov et al. in their study was not 

commercially available and no other evidence suggesting anti-SOX6 as a nuclear 

marker suitable for FANS applications can be found in the literature at the 

present. Similarly, despite the numerous evidences found in literature suggesting 

Olig2 as a candidate nuclear marker for human oligodendrocytes, a positively 

stained population was not identified when Olig2 was added to the nuclei 

suspension (see Appendix F- Supplementary Figure 4.1), whereas, Sox10 

proved to be effective in differentially staining bulk-derived nuclei allowing us to 

distinguish two different clusters of events along the fluorescence scale, a 

positively stained population (NeuN-ve/Sox10+ve) clearly distinct from the 

unstained one (NeuN-ve/Sox10-ve). However, Olig2 is known to be highly 

expressed in OPCs (Douvaras and Fossati, 2015) which might explain the lack 

of staining in post-mortem tissue from elderly which is likely to contain primarily 

mature, fully differentiated oligodendrocytes. 

When tested on purified nuclei, the Anti-Aldolase C antibody pre-conjugated to 

PE did not show evidence of staining at any of the concentrations examined (data 

not shown). Aldolase C antibody was also tested in its unconjugated form on a 

SHY5HY cell line as well as on the U373 astrocytoma cell line at various 

concentrations and for different incubation times (see Table 4.1 for details). 

However, in all the conditions where a fluorescent signal was detectable the 

staining was predominately localised in the perinuclear region (cytoplasmic 

region just around the nucleus) and/or perinuclear space (see Appendix F-

Supplementary Figure 4.2). The observations gathered from the cell line assay 

appear to be in line with the flow cytometry assay: the expression of ALDOC in 
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the cytoplasmic area surrounding the nucleus which is removed during the nuclei 

purification step could explain the lack of staining observed in isolated nuclei 

samples. Even in the case of Aldolase C expression being localised along the 

nuclear membranes, the disruption and stress to which the nuclear envelope is 

subjected during the ultracentrifugation step might result in significant loss of 

antigen molecules.  

Despite the evidence for its enrichment in astrocytes, a generalised, unspecific 

increase in fluorescence was observed during data acquisition preventing the 

identification of a Pax6-negatively stained population (data not shown). 

Mouse monoclonal anti-Sox9 was tested on nuclei solutions derived from bulk 

brain tissue. Despite the striking body of evidence regarding its specificity for 

astrocytes, a generalised, unspecific increase in fluorescence was observed 

during data acquisition preventing the identification of a Sox9-negatively stained 

population (data not shown) revealing lack of specificity in staining neural nuclei. 

Mouse monoclonal anti-Irf8 antibody pre-conjugated to APC was tested on 

purified nuclei samples and found to be successful in staining a subpopulation 

within the NeuN-ve/ Sox10-ve fraction (Figure 4.21) although some variability in 

outcome was observed from brain specimen to specimen suggesting great 

heterogeneity in cell composition even in the healthy brain. The localisation of Irf8 

antibody staining was not further validated on in vitro cell lines as per Sall1 and 

Pu1 markers due to time constraints. Nevertheless, Irf8 antibody has been 

successfully used for microglia nuclei purification and therefore stably 

incorporated in the FANS protocol here described (data not published).  

 

 

4.6.3  Immunocytochemistry analyses 

Several large-scale transcriptomic and genome sequencing studies have been 

conducted in order to identify microglia-specific signature genes and hundreds of 

candidates have been reported to be selectively expressed in microglia compared 

to other macrophages and neural cells; most of which, however, encoding 

cytoplasmic, transmembrane or receptor proteins (Gautier et al., 2012, Butovsky 

et al., 2014, Zhang et al., 2014, Hickman et al., 2013) Although not expressed 

exclusively in microglia (Rosenbauer and Tenen, 2007), PU.1 is critical to 

microglia function and is expressed continuously throughout microglial 



294 
 

development (Kierdorf et al., 2013). It is the most differentially expressed 

transcription factor in human microglia (Butovsky et al., 2014) and has been used 

in previous studies binding anti-Pu.1 antibodies within the nucleus (Rustenhoven 

et al., 2016, Smith et al., 2013, Sellgren et al., 2017). The Pu.1 transcription factor 

is crucial for microglial development (Kierdorf et al., 2013); and recent research 

has uncovered Pu.1 as a critical regulator of microglial activation in 

neurodegeneration (Zhou et al., 2019c). Although Pu.1 is not specific for microglia 

alone, its expression increases the uniqueness of the microglial genetic profile 

and effectively distinguishes microglia from other myeloid cells (Geissmann et al., 

2010). SALL1 was also chosen as a candidate marker for this study: putative 

master regulator of microglial identity, fate and transcriptional signature, the 

expression of Sall1 is almost exclusive to microglia (Buttgereit et al., 2016). Sall1-

deficient microglia show morphological defects proving that Sall1 is essential for 

microglia acquiring their typical ramified morphology after colonisation of the CNS 

(Barozzi et al., 2014, Gautier et al., 2012) which also explains why Sall1 is 

specifically expressed in microglia and not in macrophages. 

Due to the difficulty experienced in finding markers successfully targeting the 

nucleus of their specific cell target and suitable for FANS, ICC was adopted 1) as 

complementary method to select candidate markers 2) to further investigate the 

failed immuno-tagging contrary to the expectations based upon previous findings. 

Immunocytochemical analyses revealed that the mouse monoclonal anti-Pu.1 did 

not bind to nuclei of SV40 immortalised human microglia, whilst the mouse 

monoclonal anti-Sall1 did appear to stain SV40 microglia nuclei. 

 

4.6.3.1 ICC antibody testing failed in confirming previous findings 

Three studies have used monoclonal anti-Pu.1 antibody as a microglia marker in 

vitro and demonstrated that Pu.1 can stain microglial nuclei (Rustenhoven et al., 

2016, Smith et al., 2013, Sellgren et al., 2017). However, in my work, when SV40 

immortalised human microglia were stained with a mouse monoclonal anti-Pu.1 

according to two different protocols, only a very weak fluorescent signal was 

detected, and it was not localised to the cellular nucleus. There are some possible 

reasons why the findings here reported do not support previously published 

results. Firstly, it is known that monoclonal antibodies suffer from ‘batch-to-batch 

variation’ and therefore antibodies from different manufacturers can differ in 
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binding affinity and efficacy (Voskuil, 2017). Secondly, the immunostaining 

techniques and reagents here adopted might have affected the Pu.1 signal. 

Triton-X 100, a non-ionic detergent, is a widely used and well validated agent for 

permeabilising the cell membrane (Smith, 2017) but its efficacy as permeabilising 

agent may differ when it comes to nuclear protein immunostaining, rather than 

cytoplasmic. Incubation time is another variable which has potential to affect the 

staining intensity. Finally, the source of cell lines for these assays might have 

impacted findings. Rustenhoven et al. and Smith et al. isolated microglia samples 

from human adult brain tissue biopsies, whilst Sellgren et al. generated human 

microglia-like cells from peripheral blood mononuclear cells. For this work, an 

SV40 immortalised human microglia cell line was used. Immortalised microglia 

offer many advantages as these cell lines are easy to maintain and abundantly 

available. However, they are also susceptible to dedifferentiation and the 

immortalisation process can alter the microglial phenotype (Timmerman et al., 

2018). Moreover, it has been demonstrated that microglial cell lines differ 

genetically and functionally from ex vivo microglia suggesting that gene 

expression differs significantly between isolated ex vivo cells and immortalised 

cell lines (Melief et al., 2016). As immortalised cell lines express different 

microglial signatures to isolated ex vivo microglia (Melief et al., 2016), Pu.1 could 

actually be an effective nuclear marker in ex vivo microglia (Rustenhoven et al., 

2016).  Future work, therefore, aiming to assess Pu.1 expression across multiple 

in vitro and ex vivo microglia models could help to establish whether Pu.1 is 

effectively a microglia-specific nuclear marker.  

 

4.6.3.2 Sall1 as a microglia-specific nuclear marker 

The ICC study undertaken as part of this thesis showed that mouse monoclonal 

anti-Sall1 antibody binds within SV40 human microglia nuclei; this is a significant 

and, to the best of my knowledge, novel development in the search for a 

microglia-specific nuclear marker. Interestingly, Kupffer cells and alveolar 

macrophages, which also originate from yolk sac-derived erythro-myeloid 

progenitors similarly to microglia (Gomez Perdiguero et al., 2015), do not express 

Sall1 (Gautier et al., 2012) showing that the microglia exclusive expression is not 

simply due to the yolk sac origin rather Sall1 expression is likely regulated by the 

local CNS microenvironment, meaning that cell line and in vivo Sall1 expression 
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may differ. As phenotypic and gene expression discrepancies between ex vivo 

human microglia and SV40 immortalised microglia are well-established (Melief et 

al., 2016), Sall1 requires replication and validation as a microglia-specific nuclear 

marker in ex vivo human microglia to determine the significance of the findings 

described here. SV40 immortalised microglia were stained with anti-Sall1 

applying two different protocols. A stronger, more definite signal was observed 

under Protocol 2 compared to Protocol 1, therefore future work should seek to 

optimise further the staining procedure, ideally in an ex vivo microglial model to 

establish the significance of the findings here reported. 

 

 

4.6.4 Optimisation of nucleic acids extractions 

The main challenge encountered to obtain high quality, high yield nucleic acids 

was the need to tailor the extraction procedure to the sample type: although more 

robust than whole cells for FACS applications, nuclei are sensitive to harsh 

chemical treatments which, once disrupted the nuclear envelope, could affect the 

integrity of the nuclei acids as well as cause activation of enzymatic cleavage with 

subsequent fragmentation. This was particularly restrictive when dealing with 

RNA which is known for its extreme instability and fragility. Another obstacle was 

also represented by the different abundancy of individual cell types: the rarer 

populations provided insufficient yields, which forced the exclusion of all collected 

nuclei fractions deriving from the same specimen from downstream comparative 

assays.  

 

 

4.6.5  Gene expression assays 

Due to the abovementioned reasons, the targeted gene expression assay which 

demands high quality and abundant RNA needed additional caution particularly 

at the stage of RNA extraction and cDNA synthesis requiring reagents and 

assays specifically developed for very low input or fragmented RNA. As 

previously mentioned, the major limiting factor of working with nuclei-derived RNA 

is the inevitable loss of information encased in the cytoplasmic compartment. 

Nevertheless, the preliminary data here described show the applicability of this 

method to robustly detect gene expression signatures. Expression levels of well-
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established markers of cellular identity were quantified in two different brain 

specimen in each nuclei fraction using RT-qPCR. Transcript levels of NEUN and 

ENO2 (neuronal markers) were found enriched in the NeuN+ve/Sox10+ve 

fraction although expression levels of ENO2 showed increased expression also 

in the NeuN-ve/Sox10+ve population suggesting a potential neuronal 

contamination of the oligodendrocyte-enriched fraction. OLIG2 (marker of 

oligodendrocytes) was highly enriched predominantly in the Sox10+ve fraction 

while transcription levels for GFAP and CD68 revealed a substantial increase in 

the NeuN-ve/Sox10-ve fraction which is presumed to be enriched in other glial 

cells. The targeted gene expression assay does not report data for the IRF8+ve 

nuclei population as performed prior testing and optimisation of the anti-irf8 

antibody staining. Lastly, in line with its composition the total nuclei fraction 

(unsorted nuclei), included in the analysis as proxy for the bulk tissue, tends to 

sit in the middle of the expression fold change distribution lending support to the 

hypothesis that the expression profile captured by transcriptomic studies using 

bulk brain is likely tio mask the actual transcription rate in each individual cell 

types. 

 

4.6.6  Working with nuclei: advantages and strength 

The actual number of different cell types in the brain remains poorly understood. 

Cell ‘type’ implies stable characteristics, such as the synthesis of a particular 

neurotransmitter, and these cells have generally arisen by differentiation through 

developmental pathways. Identifying the abundance and functions of all the cell 

types in the brain is therefore essential and the use of nuclei bypasses the 

difficulties involved in obtaining undamaged whole cells. Through extensive 

comparisons of nuclear and cellular transcriptomes, studies have demonstrated 

that nuclei can substitute for whole cells (Grindberg et al., 2013) as for the 

majority of genes, nuclei yielded expression signatures that were very similar to 

those obtained from whole-cell controls (Grindberg et al., 2013). For most 

transcripts, the nuclear and whole-cell expression profiles were similar, and 

therefore nuclei can generally be substituted for whole cells to define cell lineage, 

state or type populations (Krishnaswami et al., 2016). For instance, the presence 

of the NeuN protein, a neuron-specific nuclear marker, based on antibody 

labelling during FACS of nuclei, was found to be consistent with the RNA-seq 
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detection of NeuN transcript in nuclei labelled with anti-NeuN antibody and none 

of the NeuN-negative nuclei (Krishnaswami et al., 2016). In cases in which the 

cell is positive for a protein marker based on FACS, but the transcript is not 

detected, it is possible that the protein is longer lived than the transcript. 

Transcription does not exactly reflect protein concentrations (Krishnaswami et al., 

2016). Besides, gene expression values from nuclei can be used to identify cell 

types (Grindberg et al., 2013). Technical challenges including cell isolation and 

RNA quality which are known to profoundly alter gene expression can be 

overcome by using nuclei as well as including protease treatment to disperse 

whole cells (Huang et al., 2010). As the majority of accessible human brain 

specimen are obtained from frozen archives and collections, the use of nuclei 

may provide the best option that is currently available for RNA-seq from neural 

cells. The technical and biological variation is similar for whole cells and nuclei 

(Grindberg et al., 2013). This method could also allow investigation of biological 

features unique to nuclei, such as enrichment of certain transcripts and 

precursors of some noncoding RNAs in gene expression studies. Furthermore, 

studies of specific nuclear functions may be enhanced by directly accessing the 

nuclei - for example, studies investigating the regulatory processes controlling 

gene expression mediated by transcription factors, promoters, enhancers, 

epigenetic modifications and other mechanisms.  

 

4.6.7  Working with nuclei: limitations and pitfalls 

On the other hand, working with nuclei inevitably impose some limitations. Nuclei 

are generally fragile compared with whole cells, and some loss can be expected 

at each stage of the isolation procedure. However, for frozen brain tissue, whole 

cells tend to generate poor-quality cDNA (Krishnaswami et al., 2016).  

Poor tissue quality can lead to high background fluorescence signal, or auto-

fluorescence, which may be a consequence of increased oxidation of the tissue. 

Poor quality tissue is also the most common cause of lack of antibody staining. 

This is particularly problematic with long post-mortem intervals for autopsy 

samples or poor tissue handling during acquisition and freezing. Therefore, 

sample selection criteria should include low post-mortem intervals if possible. 

Ideally samples should be kept on ice immediately upon availability and should 
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be snap frozen as soon as possible, however this is not always possible and as 

post-mortem samples are a precious finite resource. 

Gradual loss of antibody staining after repeated freeze-thaw cycles is another 

potential issue particularly with certain antigens as multiple freeze-thaw events 

lead to protein degeneration therefore the number of stained nuclei for a given 

population can be highly variable depending on tissue quality.  

Use of nuclei inevitably results in loss of some information contained in 

cytoplasmic mRNA as cytoplasmic transcripts are not detectable, nor are small 

noncoding RNAs. Although low levels of mRNA is contained in the nucleus of the 

cell (Grindberg et al., 2013), harsh treatment have the tendency to perturb gene 

expression. Due to low amounts of RNA in the nucleus, 30 cycles were needed 

to amplify nuclear cDNA for the fraction purity validation (section 4.4.6) whereas 

only 21 cycles seemed satisfactory in another nuclei study (Krishnaswami et al., 

2016); in both cases higher if compared with the 18 cycles sufficient when using 

whole cells (Krishnaswami et al., 2016). Nevertheless, some low-copy transcripts 

may still be difficult to detect in nuclei and increasing the cycle number (≥40) 

could introduce some amplification bias. Despite the abovementioned findings 

proving how nuclei well mirror the whole cell expression profile, nuclear and 

cytoplasmic transcriptomes are likely to differ in many ways, requiring therefore 

a more comprehensive analysis to determine the advantages and limitations of 

using nuclei for transcriptomic studies. 

The considerable cellular heterogeneity of brain tissue poses another significant 

limitation, because typically various subpopulations of neurons are intermingled 

with different types of glia and other non-neuronal cells. Even within neuronal 

cells, NeuN does not capture the entire spectrum of subpopulations constitutive 

of the brain as several neuronal subtypes (e.g., cerebellar Purkinje cells and Golgi 

cells, olfactory Mitral cells, retinal photoreceptors, and gamma motor neurons) do 

not express NeuN (Mullen et al., 1992). 

One possible solution would be to grow cell-type specific cultures, but most CNS 

cells, including neurons, are ex vivo sustainable for only a few weeks at best and 

thus they would provide an incomplete model for epigenetic mechanisms 

potentially operating across the full lifespan (Matevossian and Akbarian, 2008). 

The lack of validated antibodies specific to distinct neural cell subtypes which 

specifically target the nucleus and are also suitable for flow cytometry 

applications prevent us from furthering our understanding of the role played by 
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each subpopulation and their regulatory makeup particularly in the context of 

disease.  

An additional weakness of this approach is that the cell-type specific markers 

used for FANS might capture heterogeneous cell populations as proven by 

preliminary data generated within my group using snRNA-seq (Policicchio S. et 

al, 2021). Figure 4.23 reports an example of snRNA-Seq data obtained for total 

nuclei, Neuronal-enriched, and oligodendrocyte-enriched nuclei from human 

adult prefrontal cortex. The t-distributed stochastic neighbour embedding (t-SNE) 

plot in Figure 4.23A shows clustering of the total nuclei population based on 

similarity of individual “events” for the top ten expressed genes using the Seurat 

analysis pipeline (Stuart et al., 2019). Cells in total nuclei population that express 

NeuN (RBFOX3) (Figure 4.23B), are also identified as ‘neuronal’ using the 

expression other known neuronal markers. Similarly, cells in the total nuclei 

population expressing the oligodendrocyte marker SOX10 (Figure 4.23C) are the 

same population identified as ‘glial’ using the expression of other known glial 

markers. Although in Figure 4.23D, the t-SNE plots show heterogeneity within 

the neuronal enriched (NeuN+ve/Sox10+ve) FANS-sorted population, cells  

whithin this population do not express the oligodendrocyte marker Sox10 (Figure 

4.23E) suggesting that the heterogeneity observed in the NeuN+ve/Sox10+ve 

fraction is more likely to reflect the presence of multiple neuronal cell subtypes. 

Similarly, the t-SNE plot showing the cell clustering for the oligodendrocytes 

enriched (NeuN-ve/Sox10+ve) population (Figure 4.23G) (as determined by 

antibody staining and FACS sorting) confirms expression of Sox10 (Figure 

4.23H) while contamination of NeuN expressing cells appears to be minimal 

(Figure 4.23I). 
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Figure 4.23 snRNA-Seq of total nuclei, neurons enriched, and oligodendrocytes enriched nuclei populations from FANS sorted human adult pre-frontal 
cortex.  
A) T-distributed stochastic neighbour embedding (t-SNE) plot showing clustering of the total nuclei population based on similarity of individual “events” for the top ten 
expressed genes.Clusters are created using the Suerat analysis pipeline which groups the most closely related cells based on the PCA output. The colours are 
arbitrarily assigned to the clusters. Sox10 (b) and NeuN (c) are equally represented within the unsorted nuclei sample. D) t-SNE plot reveals heterogeneity of cell 
types (observed as distinct clusters of differentially coloured cells) constituing the NeuN+ve/Sox10+ve (neuronal enriched) FANS-sorted nuclei population. However, 
the expression of NeuN (f) is visibly higher than the expression levels for Sox10 (f) suggesting that the heterogeneity observed in the NeuN+ve/Sox10+ve fraction is 
more likely to reflect the presence of multiple neuronal cell subtypes. G) T-SNE plot showing how the NeuN-ve/Sox10+ve FANS-sorted nuclei population cosists of 
oligodendrocytes predominantly which find support in the expression levels detected for Sox10 (h) within this fraction Figure taken from (Policicchio S. et al, 2021).
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Lastly, neurons, microglia, oligodendrocytes and astrocytes do not completely 

encapsulate all the major cell types in the brain. Additional cell types and cell 

states should be explored, potentially by incorporating combinations of multiple 

nuclear markers. These could include endothelial cells and pericytes of the blood 

brain barrier, which is compromised during degeneration (Nation et al., 2019, 

Sweeney et al., 2019); as well as the distinction between excitatory and inhibitory 

neuronal subtypes, only partially explored in the human brain (Kozlenkov et al., 

2017). Cell states of interest could include homeostatic microglia and disease-

associated macrophages, which have been identified as associated with amyloid 

plaques in AD (Keren-Shaul et al., 2017, Mathys et al., 2017, Mathys et al., 2019). 

Future testing of additional nuclear markers will allow to further discern cell-type 

populations and cell states associated with disease. Currently there remains a 

lack of usable antibodies for nuclear astrocytic markers. However, 

LIM/Homeobox 2 (LHX2) has been shown to be highly expressed in astrocytes 

and moderately expressed in neurons (Subramanian et al., 2011, Morel et al., 

2017). Thus, astrocyte nuclei could be isolated using a combinatorial flow 

cytometry gating strategy of NeuN-negative and LHX2-positive nuclei (Nott et al., 

2021). 

One of the most fundamental questions asked in flow cytometry experiments is 

whether a subset of immunofluorescently stained cells is positive or negative, or 

what proportion of cells are positive or negative for a given marker. Answering 

this question accurately requires careful instrument setup and use of controls. 

Despite being the most widely used staining control, isotype controlswere not 

adopted for testing the validity of the staining procedure of this FANS method.  

Whether the more commonly used, but less rigorously selected, isotype controls 

are sufficient to determine non-specific binding has been under debate for over 

two decades (Keeney et al., 1998, O'Gorman and Thomas, 1999). The ideal 

isotype control should “match” the specific antibody not only in heavy chain (IgA, 

IgG, IgD, IgE, or IgM), subclass and light chain (kappa, lambda) class but also in 

fluorochrome type and number of fluorochrome molecules per immunoglobulin 

(F/P ratio). It should also have been derived by the same manufacturing process 

as the specific conjugate under investigation (Hulspas et al., 2009b). The 

variability of isotype controls regarding background binding can be also attributed 

to the isotype not exactly matching the tested antibody concentration. Even when 

each single antibody and matching isotype control is titrated, it is still necessary 
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to define the cytometer parameters in a two-colour setting (Trummer et al., 2008); 

this demands correct compensation of the two fluorescence channels which 

again requires distinct positive controls. In a panel with several surface markers 

this can be very laborious and costly (Trummer et al., 2008). The potentially 

different non-specific binding characteristics of an isotype antibody, the possible 

pitfalls in the interpretation of the data (Hulspas et al., 2009b) and the notion that 

it is virtually impossible to manufacture the perfectly matched isotype antibody, 

have lead to the reconsideration of earlier recommendations (Landay and 

Muirhead, 1989, McCoy et al., 1990).  

Over the last decade or so, it has become more widely accepted that isotype 

controls are of little value in distinguishing positive from negative (Maecker and 

Trotter, 2006, Baumgarth and Roederer, 2000, Makinodan et al., 2012) and 

should therefore not be used to set positive gating regions for test antibodies 

(Hulspas et al., 2009b). Isotype controls are of limited use in determining the 

threshold of positivity/level of background fluorescence since isotype controls are 

by nature different reagents than the staining antibody, with a different amino acid 

composition in the variable region, different numbers of fluorochromes bound to 

the antibody and different concentrations, and, thus, have different “unspecific” 

binding properties. Therefore, a negative staining with the isotype control does 

not infer that the staining one observes with the experimental antibody is specific 

(Cossarizza et al., 2019). Furthermore, it has been suggested that not in all 

circumstances gating controls are actually needed. Certainly, some gates can be 

drawn unambiguously, without reference to any control sample (Maecker and 

Trotter, 2006). For example, any marker that has clearly bimodal expression, with 

no overlap of positive and negative populations, does not require a control for 

accurate determination of positive and negative populations. Gating controls 

become important when there is no clear division between positive and negative 

populations. Controls needs to be run for every marker in an experiment, but only 

for those markers where determination of a positive/negative boundary is 

otherwise ambiguous (Maecker and Trotter, 2006). Lastly, isotype control 

antibodies are optimally developed for cell surface staining protocols where they 

help assess the level of background staining inherent in cell-antibody binding 

assays. Many times the isotype control does not perform as expected in an 

intracellular staining experiment, with either extremely low or high levels of non-

specific fluorescence (Koester and Bolton, 2000). 
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In order to circumvent all the above mentioned limitations intrinsic to the use of 

Isotype controls and since a clear division between positive and negative 

populations was consistently observed across all processed samples, the 

accuracy of the gating strategy was independently validated post-sorting with 

gene expression data obtained from the aliquots collected. 

Furthermore, ongoing work is aiming to perform snRNA-seq on FANS purified 

nuclei using the 10X Chromium in order to confirm the immunolabelling-based 

enrichment of the nuclei populations. Preliminary data gathered within our group 

have shown that these ‘purified’ nuclei populations are actually a heterogeneous 

mix of different neural cell types and a large range of smaller cell populations can 

be identified alongside the ones selectively enriched (data not published). For 

instance, within the neuronal-enriched population, there are distinct sub-

populations of neuronal cells which could represent neuronal precursors, 

excitatory, and inhibitory neurons. FANS sorting helps excluding these various 

other cell types by enriching for the selected cell types of interest. The 

considerable heterogeneity identified within each purified sub-fraction has 

important implications for the interpretation of genomic work undertaken on 

human post-mortem brain tissue. 

One of the most apparent caveats of this method is the limited number of samples 

included in this pilot study which undoubtedly has limited the ability of exploring 

the inter-individual variability. For the same reason, focusing on pre-frontal cortex 

tissue only has allowed to disentangle the divergence across cell types specific 

to this area of the brain which is likely to differ when shifting the focus on a 

different brain region. The heterogeneity of source (two different brain collections) 

for the specimens used alongside the fact that samples were not matched in age 

and sex inevitably represent factors potentially confounding the results the extent 

of which cannot be ruled out without new studies replicating this approach on a 

wider, more homogeneous cohort. 

 

 

4.6.8 Future directions 

The rapid development of scRNA-seq promises to reveal new insights into the 

transitions that establish neuronal identity during development, differentiation, 

activity, and disease. Comparing single neuron data to reference atlases 

constructed from hundreds of thousands of single-cell transcriptomes will be 
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critical to understanding these transitions and the molecular mechanisms that 

drive them (Johnson and Walsh, 2017). 

In the next few years, innovative approaches that can provide single-cell 

transcriptomic or highly multiplexed gene expression information in situ will be 

transformative. They will circumvent the need for tissue dissociation allowing the 

profiling of individual cells in accurate proportions while preserving spatial 

information (Crosetto et al., 2015, Ke et al., 2013). For instance, highly 

multiplexed single molecule fluorescence ISH (Chen et al., 2015, Lubeck et al., 

2014) or in situ RNA sequencing (Ke et al., 2013, Lee et al., 2014) have been 

used to assess the expression of up to several thousands of genes while 

preserving spatial information. Another approach could be to exploit nanopore-

based sequencing devices to directly sequence DNA or RNA molecules from a 

tissue section (Crosetto et al., 2015) theoretically preserving cellular resolution 

while providing a high-throughput single-cell molecular characterization. 

Together, these advances will move us closer to the goal of providing a complete 

catalogue of cell types in the nervous system. 

The measurement of gene expression in single cells will revolutionize our 

understanding of gene regulation and resolve many longstanding debates in 

biology. Since cells tend to cluster by cell type or developmental state when 

grouped according to their expression profiles (Fishell and Heintz, 2013, 

Holmberg and Perlmann, 2012, Deneris and Hobert, 2014), expression-based 

clustering allows for the unbiased reconstruction of cell types in any population 

or tissue after sequencing enough individual cells. If the sampling of cells is 

extensive and sufficiently free from biases, such clustering can reveal all cell 

types present, including new ones. All cells in a cluster can also be used to derive 

robust cell-type expression profiles, again in a data-driven manner and without 

previous knowledge of which marker genes define a tissue or cell type. Single-

cell profiling of RNAs is therefore a promising method that could lay a foundation 

for a quantitative, data-driven classification of cell types. 
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4.7 Conclusions 

In this chapter I describe the optimisation of a protocol to enable the successful 

separation of three distinct neural groups that yields sufficient material for 

methylomic and transcriptomic profiling. 

Although NeuN immunolabelling followed by FACS separation is a well establish 

method in literature (Iwamoto et al., 2011, Jiang et al., 2008, Matevossian and 

Akbarian, 2008, Lister et al., 2013), onlyin more recent time, advancement in 

research has enabled the identification of a robust nuclei marker specific to 

oligodendrocytes (Lutz et al., 2017b, Kozlenkov et al., 2018) and to microglia (van 

der Poel et al., 2019, Romani et al., 1988) allowing therefore to better discriminate 

among neural cell types and further characterise them. Leveraging upon existing 

data, I have expanded FANS applications further and better characterized the 

NeuN-negative subpopulation of nuclei. I have tested and optimised candidate 

nuclear antibodies for fluorescence-assisted nuclear sorting to successfully 

isolate neurons (NeuN+ve/Sox10+ve) oligodendrocytes (NeuN-ve/Sox10+ve) 

and microglia (NeuN-ve/Sox10-ve/Irf8+ve) from adult post mortem human brain. 

Despite the positive staining for the oligodendrocyte marker Sox10, the neuronal 

enrichment of the NeuN+ve/Sox10+ve fraction has been confirmed by PCR and 

single nuclei gene expression data.This protocol can be utilised to define gene 

regulatory elements of neurons, oligodendrocytes and microglia from adult 

human cortical tissue. This protocol will be informative to investigators interested 

in rare cell types that may be missed through analysis of bulk tissue. The ability 

to isolate nuclei of microglial origin is a major advance, as it enables interrogation 

of until recently overlooked non-neuronal component of brain-related disorders. 

Thus, the investigation of nuclei from specific cell types will provide an invaluable 

tool for researchers in the field of brain disorders. 

The implemented protocol described here is particularly useful for studies 

focused on epigenetic changes of DNA methylation profile at the level of 

individual cell type and, more broadly, on the molecular phenotype of the nucleus 

in each cell type. Although calibrated on control samples, the same approach can 

be equally adopted to investigate the brain at various stages: normal 

development as well as aging, in neurological or psychiatric disease. The method 

is advantageous when the cellular heterogeneity of brain tissue, including 

potential shifts in neuron-to-glia ratio during the course of aging or due to disease, 

are a concern (Siegmund et al., 2007, Matevossian and Akbarian, 2008). Cell-
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type-specific profiling may be critical for the discovery of disease-relevant 

epigenomic alterations. Insight into the mechanisms governing epigenetic 

regulation in the brain is necessary for a more complete understanding of 

complex behaviours and psychopathology, which will lead to novel therapeutic 

and diagnostic approaches in the future. Particularly, applying this method to 

clinical brain samples will enable to gain insight into the complexity of the brain 

and the role of genomic variation in individual neural cell types in neuropsychiatric 

and neurodegenerative disease making an important contribution to the field of 

psychiatric genomics. Further work is now needed to profile cell type specific DNA 

methylation in larger post-mortem brain datasets of a disease phenotype and to 

integrate other omics assays (DNA hydroxymethylation, chromatin accessibility, 

and RNA-seq) for a multi-level analysis across the three cell types (neurons, 

oligodendrocytes, microglia). Finally, further testing should be performed to 

identify novel nuclear antibodies targeting different neural subtypes and to 

expand the array of validated markers to implement in FANS applications to 

undertake multi-level omics profiling on as many cell types as possible in parallel.  
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Chapter 5 – Cell type-specific methylomic signature in 

the human prefrontal cortex 
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5.1 Introduction  
 

In the last decade, a substantial body of evidence has surfaced, suggesting that 

several neurodevelopmental, neurodegenerative and neuropsychiatric disorders 

are in part caused by aberrant epigenetic modifications (see Chapter 3, 

(Urdinguio et al., 2009, Peter and Akbarian, 2011, Jakovcevski and Akbarian, 

2012). Therefore, a thorough characterization of the epigenetic status of the brain 

is critical for understanding the molecular basis of its function in health and 

disease. 

DNA methylation is a stable mostly repressive epigenetic modification that is 

extremely important both for the establishment of cell-type–specific identities in 

the nervous system (Takizawa et al., 2001) and in mediating environmentally 

induced changes in the adult brain (Kozlenkov et al., 2017). It is known to be a 

critical component of various processes and conditions including memory 

formation, stress responses, depression and drug addiction (Feng et al., 2010, 

LaPlant et al., 2010, Labonte et al., 2012a, Suderman et al., 2012). Despite its 

importance, the DNA methylation profile of the brain, especially in humans (owing 

to the obvious experimental difficulties), has not been sufficiently explored, and, 

for multiple decades when examined, was studied mostly using bulk (cellular 

heterogeneous) brain tissues (Varley et al., 2013, Numata et al., 2012, Davies et 

al., 2012, Zhang et al., 2010, Xin et al., 2011). Also refer to Chapter 3 for an 

example. These studies have revealed that DNA methylation significantly varies 

between different brain regions as well as between white and grey matter of the 

same region (Ladd-Acosta et al., 2007, Davies et al., 2012, Gibbs et al., 2010, 

Ghosh et al., 2010).The brain, however, is characterized by multifaceted 

complexity, including heterogeneity of cell types, such as neurons and glia, as 

well as subpopulations within these cell types. Figure 5.1 which provides a 

schematic representation of the main/most abundant cell types of the human 

brain is far from being comprehensive of the all cellular subtypes characterized 

to date. These cell types are differentially distributed among brain regions that 

themselves are heterogeneous in cytoarchitecture, connectivity and function. 

Hence, to achieve meaningful insight into the epigenetic landscape of the brain, 

the epigenetic marks should be studied within individual cell types that are 

captured from specific brain regions.  

 



 

310 
 

 
 
Figure 5.1 Schematic representation of the variety of neural cell types in the 
human brain. 
Morphological neuronal cell types are more numerous than morphological glial cell types. 
Non- exhaustive representations of neuronal cell types in shade of yellow-orange (top 
three rows) and glial cells (bottom row) in purple, green and red. First row, left to right: 
bipolar cell, short axon cell, pyramidal cell, Purkinje cell. Second row, left to right: 
amacrine (anaxonic) cell, multipolar/motor cell, granule cell. Third row, left to right: basket 
cell, unipolar cell. Bottom row, left to right: protoplasmic astrocyte, like those found in 
grey matter; fibrous astrocyte, like those found in white matter; microglia; 
oligodendrocyte. Figure taken from (Herculano-Houzel and Dos Santos, 2018). 

 

 

 

Recent reports have indeed demonstrated robust differences in DNA methylation 

and histone modification patterns between neuronal and non-neuronal cells in 

human and rodent brains (Iwamoto et al., 2011, Guintivano et al., 2013, Lister et 

al., 2013, Kozlenkov et al., 2014) suggesting that the previously reported 

epigenetic variation among brain regions could be largely owing to differences in 

neuron to glia ratios (Guintivano et al., 2013). These cell type-specific epigenetic 
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landscapes might ultimately determine the selective vulnerability to 

neurodevelopmental or environmental insults highlighting the need for more 

detailed studies on discrete cellular populations from post-mortem tissue. The 

essential role of frontal cortex in behaviour and cognition requires the coordinated 

interaction, via electrical and chemical signalling, of multiple neuronal cell types 

and a diverse population of glial cells (Lister et al., 2013). Individual brain cells 

have unique roles within circuits that are defined by their location and pattern of 

connections as well as by their molecular identity. Recent findings of the 

ENCODE and REMC projects revealed exquisite cell -type specificity of 

noncoding regulatory elements in neuronal and non-neuronal cells (Zhu et al., 

2013, Consortium, 2012). Thus, a major challenge for genomic research is to 

characterize cell-type epigenetic signatures that mark these functional regions, 

especially in tissues containing heterogeneous cell populations. This task is 

particularly daunting in the case of the brain, where various cell types are 

differentially distributed among anatomically and functionally diverse brain 

regions and the fact that the brain is an inaccessible organ. 

To date, the large majority of cell type-specific epigenome mappings in human 

brain are focused on comparisons between the neuronal and non-neuronal 

populations (Kozlenkov et al., 2014, Kozlenkov et al., 2016, Kundakovic et al., 

2017, Price et al., 2019, Tansey and Hill, 2018) in the cortex predominantly. Very 

little is known about the epigenetic landscape of glial cells (e.g. astrocytes, 

oligodendrocytes, microglia), mostly due to the lack of effective methods for their 

isolation. 

Glial cells have generally been overshadowed by research on neurons in many 

brain related phenotypes, but there is a growing body of evidence that highlights 

the importance of glia in brain development, function and disease processes 

(Valles et al., 2019, Allen and Barres, 2009, Barros et al., 2018, Stogsdill and 

Eroglu, 2017). Oligodendrocytes  constitute the large majority of glial cells in the 

human cortical grey matter (Pelvig et al., 2008) producing the myelin sheath that 

insulates neuronal axons, increasing axonal conduction velocity and neural 

processing speed (Simons and Nave, 2015). Myelination predominantly occurs 

postnatally and extends into adulthood. Recently alterations in transcriptional and 

protein levels of oligodendrocytes and their precursors have been implicated in 

AD, MDD and SCZ (Nasrabady et al., 2018, Vostrikov and Uranova, 2018, 

Bernstein et al., 2019, Cai and Xiao, 2016). An explosion of findings driven by 
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new powerful technologies has expanded our understanding of microglia and the 

roles that these cells play in the neuropathology of a diverse array of disorders. 

Microglia activation has been noted in all types of psychiatric disorder (Mondelli 

et al., 2017, Hammond et al., 2018, Prinz et al., 2019) although the cause of the 

neuroinflammation in these diagnostic categories and its implications are still 

unclear. The contribution of microglia to CNS diseases may relate to their function 

as professional phagocytes of the CNS which is vital for development of the CNS 

and maintenance of brain homeostasis (Prinz et al., 2019). Increased microglial 

activation was reported in post-mortem  brain  samples  from  people  with  

depression  who  died  by  suicide (Torres-Platas et al., 2014). Neuroinflammation 

is suggested to be linked to suicide (Pandey et al., 2012, Pandey et al., 2018) 

and microglia are regarded to play crucial roles in neuroinflammation via 

releasing inflammatory mediators (Suzuki et al., 2019). Microglial abnormalities 

might play a role in the etiology and pathophysiology of SCZ (Inta et al., 2017, 

Notter and Meyer, 2017). A prevalent hypothesis is that the functional disruption 

of these brain-resident immune cells may alter the normal course of brain 

development and maturation, (Coughlin et al., 2016) for example, by means of 

interfering with synaptic pruning (Hannestad et al., 2012). Moreover, it has been 

postulated that aberrant activation of microglia in SCZ may influence the clinical 

course of the disease and affect the severity of symptoms in patients (Liu et al., 

2017). Very recently, differential expression levels were found in astrocyte and 

microglia genes in the PFC sub-regions in relation to SCZ and suicide, indicating 

possible disturbances of glia homeostasis in these brain conditions (Zhang et al., 

2020). 

Since the epigenome is highly variable across different cell-types, correlations 

between the phenotype of interest and the cell-type composition lead to a large 

number of false discoveries (Jaffe and Irizarry, 2014, Houseman et al., 2012). 

Several bioinformatics approaches have been developed to assess the effects of 

cell mixture on the measurement of DNA methylation (Houseman et al., 2012, 

Houseman et al., 2014, Guintivano et al., 2013, Newman et al., 2015, Rahmani 

et al., 2016). However, there is an ongoing dispute concerning their effectiveness 

(Rahmani et al., 2017, Zheng et al., 2017).  

A comparison of cell sorting and bulk tissue-based screens elsewhere has 

revealed that cell-type purification efficiently reduces confounding noise 

generated by variable cell composition and enhances the detection of disease-
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related changes (Gasparoni et al., 2018). By allowing assignment of identified 

signals to cell-type origin, cell sorting revealed that next to neurons also non 

neuronal cells experience strong epigenetic alterations (Gasparoni et al., 2018). 

In the attempt to address this challenge, in the present study I focused on 

characterising DNA methylation in three major brain cells (NeuN-expressing 

neurons, oligodendrocyte and other glial cells) which were obtained from a 

discrete area of the human PFC and separated by FANS.  

 

 

 

5.2  Aims 

The main objective of this chapter was to profile epigenetic changes (differences 

in DNA methylation levels primarily) at the resolution of individual cellular types 

to a) further the understanding of epigenetic regulation in heterogeneous tissues 

like the brain b) to verify the reproducibility and applicability of the method 

optimised in Chapter 4 of this thesis in order to generate high quality data suitable 

for epigenomic profiling. 
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5.3  Materials and Methods 
 
 
 

5.3.1 Subjects and samples 
 
For BS Illumina EPIC profiling PFC brain samples from 12 healthy individuals 

archived in the Brains for Dementia Research (BDR) collection were used. These 

samples have been utilised in a recent EWAS study from my group as pilot 

training data for the development of a refined cell composition algorithm (paper 

in preparation). All samples were dissected by trained specialists, snap-frozen 

and stored at -80°C. Further information about all samples is provided in Table 

5.1.  Nuclei were extracted from ~500mg of post-mortem brain tissue following 

the FANS pipeline outlined in detail in section 5.3.2. Genomic DNA was isolated 

from each collected nuclei fraction using an adapted phenol-chloroform extraction 

method and tested for degradation and purity prior to analysis as described in 

section 5.3.3. Nuclear RNA was also extracted from each sorted sample using 

the Direct-zol RNA micro-prep kit as described in Methods, section 2.5. 
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Table 5.1 Phenotypic information across all samples processed for this study. 
Samples where the double negative (DN) nuclei population could not be detected were excluded from the analysis as well as those samples 
where the Sox10 antibody (AB) did not work. DN, double negative (i.e NeuN-ve/Sox10-ve) nuclei population; AB, antibody; KCL, King’s 
College London; FANS, Fluorescence-activated nuclei sorting.  
 

Sample Patient ID Centre 
Post-mortem 

diagnosis 
Age at 
death 

Sex PMI  (h) Experiment 
Included in final 

analysis 

1 930 Bristol Control 94 F 29.5 FANS for DNA methylation profiling Yes 

2 945 Bristol Control 80 M 50 FANS for DNA methylation profiling Yes 

3 948 Bristol Control 82 F 36 FANS for DNA methylation profiling Yes 

4 957 Bristol Control 86 M 44.25 FANS for DNA methylation profiling Yes 

5 977 Bristol Control 91 F 40.75 FANS for DNA methylation profiling Yes 

6 996 Bristol Control 95 F 59.25 
FANS for DNA methylation profiling; 

Targeted Gene Expression 
Yes 

7 1030 Bristol Control 72 M 16.25 FANS for DNA methylation profiling Yes 

8 A237/16-1 KCL Control 80 M 58 FANS for DNA methylation profiling Yes 

9 A272/15-1 KCL Control 90 F 10 FANS for DNA methylation profiling No (DN missing) 

10 A291/17-1 KCL Control 90 F 22 FANS for DNA methylation profiling Yes 

11 A115/16-1 KCL Control 80 F 28.5 FANS for DNA methylation profiling No (DN missing) 

12 A111/12-1 KCL Control 70 M 20 FANS for DNA methylation profiling Yes 

13 A277/12-1 KCL Control 79 M 20 FANS for DNA methylation profiling Yes 

14 SD031/08 Edinburgh Control 55 M 31 FANS for DNA methylation profiling Yes 

15 AN02646-1 Harvard Control 52 M 19.55 FANS for DNA methylation profiling No (AB not working) 

16 AN17142-1 Harvard Control 83 F 18.5 FANS for DNA methylation profiling No (AB not working) 

Sample1 AN05203-1 Harvard Control 76 M 18.25 Targeted Gene Expression No (low RNA yield) 

Sample2 AN10547-1 Harvard Control 88 M 16.32 Targeted Gene Expression No (Poor quality RNA) 

Sample3 1030 Bristol Control 72 M 16.25 Targeted Gene Expression No (low RNA yield) 

Sample4 874 Bristol Control 78 M 56 Targeted Gene Expression yes 

Sample5 A160/11-1 KCL Control 89 F 53 Targeted Gene Expression No (poor quality RNA) 
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5.3.2 Separation of neuronal and glia nuclei  
 

Human post-mortem prefrontal cortex neuronal, oligodendrocyte and other glial 

origin nuclei were separated by fluorescence-assisted sorting of immunolabeled 

samples using a NeuN- (RBFOX3-) specific antibody and SOX10-specific 

antibody following the optimised FANS protocol profusely described in Chapter 

4. Each brain specimen yielded four nuclei populations: 1) a double positive 

population (NeuN+ve/Sox10+ve) presumably enriched in NeuN-expressing 

neuronal nuclei 2) a single positive population (NeuN-ve/Sox10+ve) enriched in 

oligodendrocytic nuclei 3) a double negative population (NeuN−ve/Sox10-ve) and 

4) a population of unsorted nuclei (total nuclei) serving as proxy for the bulk 

tissue. Since the double negative fraction is likely to consist of astrocytes and 

microglia predominantly, as well as a small population of endothelial cells, the 

decision to conveniently label this third population as ‘other glia’-derived nuclei 

was made. Nuclei suspensions were assessed for the presence of debris by 

adjusting appropriately the gating strategy before proceeding with nuclei capture. 

Purity of nuclear fractions was > 98% as checked by repeating FACS on the 

separated populations. The 100µM nozzle was used and the event rate during 

data acquisition and sample collection was kept ≤ 3000 events/sec. On average, 

for each sorted population, 200,000 nuclei were collected for extraction of 

genomic DNA and 300,000 for nuclear RNA extraction. 

 
 

5.3.3 Genomic DNA extraction from sorted nuclei fractions 
 
DNA extraction was performed using an ethanol-isopropanol extraction protocol 

adapted for nuclei samples (for more details see Methods, section 2.4). Each 

DNA pellet was resuspended in 15 µL of RNAse, DNase-free water and left at 

4ºC overnight to fully dissolve before quantification. 

 

 

5.3.4 Infinium 850k bead chip methylomic profiling 
 
500ng of genomic DNA from each nuclei fraction was treated with sodium BS 

using the Zymo EZ-96 DNA Methylation-Gold TM Kit (Cambridge Bioscience, UK) 

according to the manufacturer’s standard protocol, as described in Methods, 

section 2.9. To assess DNA methylation signatures of over 850,000 CpG sites, 
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Illumina HumanMethylationEPIC BeadChip (EPIC 850K array) (Illumina, CA, 

USA) was used according to the manufacturer’s instructions, with minor 

amendments and quantified using an Illumina HiScan System (Illumina, CA, 

USA). Individuals were randomised across plates and sorted nuclei fractions 

(N=4) from the same individual were randomised within the chip (random loading 

position). Illumina Genome Studio software was used to extract the raw signal 

intensities of each probe (without background correction or normalisation). 

 

 

5.3.5  DNAm data preprocessing and quality control 
 
All computations and statistical analyses were performed using R 3.5.2 (R 

Development Core Team 2018) and Bioconductor 3.5 (Gentleman et al., 2004). 

Signal intensities were imported as a methylumi object into R using the methylumi 

package (Wang et al., 2018b).  

Raw signal intensity data were processed from idat files through a standard 

pipeline using the Bigmelon (Gorrie-Stone et al., 2019) and Watermelon (Pidsley 

et al., 2013) packages in R. A number of quality control steps were performed on 

these data prior to normalization. First, outlier samples were identified using 

principal component analysis, second, successful bisulphite conversion was 

confirmed using control probes, third the ages of the samples were estimated 

using the Horvath Epigenetic Clock algorithm (Horvath, 2013) and compared to 

reported age at sampling. Fourth, unaccounted variation was assessed through 

visualisation of principal components. The pfilter function was used to remove 

samples that were either dramatically altered as a result of normalisation or 

samples where >1% of sites had a detection p-value > 0.05. DNA methylation 

sites were also filtered to exclude those with a bead count < 3 or > 1% of samples 

with detection p-value > 0.05 as previously described (Mansell et al., 2019).             

Two samples and 18,279 sites were removed at this stage of the analysis. These 

data were then normalized using the dasen method previously described (Pidsley 

et al., 2013) which performs background adjustment and between-sample 

quantile normalization of methylated (M) and unmethylated (U) intensities 

separately for Type I and Type II probes. Prior to data analysis, SNP probes, 

probes with non-specific binding, probes affected by common (minor allele 

frequency (MAF) > 5%) SNPs (McCartney et al., 2016), and 65 probes annotated 
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to the Y chromosome were additionally removed. The final dataset contained 46 

samples (12 individuals, three nuclei fractions + total per individual) and 848,122 

DNAm sites.  

 

 

5.3.6 Data analysis 
 

All probes which passed the QC, were used to perform exploratory analyses in 

order to investigate whether any of the DNA methylation differences detected 

were driven by or associated to a particular cell type rather than shared across 

cell populations. 

 

5.3.6.1 ANOVA Analysis of variance 

In order to detect cell type differences at individual positions (DMPs) an analysis 

of variance (ANOVA) was performed as appropriate, and statistical significance 

was defined as P< 0.05. Anova examines the effect of one or more categorical 

independent variables, known as 'factors', (i.e. DNA methylation), on a dependent 

variable, (i.e. cell type). The total fraction (proxy for bulk tissue) was excluded 

from comparisons. Cell type specific P-values and F statistics were extracted and 

Student's t-test was performed by comparing each individual fraction to the two 

remaining fractions combined. Due to the high number of nominally significant 

(P<0.05) DMPs (N= 550,733), results were further filtered by applying a more 

stringent cut-off (P=9E-08, experiment-wide significance threshold for EPIC array 

DNA methylation studies (Mansell et al., 2019). Only the DMPs passing this cut-

off were considered for subsequent analysis. The direction of change in DNA 

methylation at individual sites was also explored in each cell type separately by 

running a Sign test on the significant (P<9E-08) DMPs and investigating whether 

an enrichment of hypo- or hypo-methylated DMPs could be detected in any of the 

three nuclei fractions assessed. 

 

5.3.6.2 MiAge 

The MiAge Calculator is designed to estimate mitotic age of any tissue types 

using DNA methylation data from a panel of 268 selected “mitotic clock” CpGs by 

exploiting the stochastic replication errors accumulated in the epigenetic 
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inheritance process during cell divisions. Although the MiAge Calculator was built 

using the 450K data, it can be readily applied to methylation measures from the 

MethylationEPIC array as 241 sites out of the 268 selected mitotic clock CpGs 

are also on the EPIC array (Youn and Wang, 2018).Originally developed for 

cancer applications, the MiAge Calculator, it is readily applicable to aging studies 

using DNA methylation measures (Youn and Wang, 2018). Here the tool was 

used to calculate mitotic ages of the input samples to assess whether accelerated 

mitotic age was detectable in any specific cell type. Welch Two Sample t-test was 

also performed to test for correlation between mitotic age and gender. 

 

 

5.3.6.3 Cell-type specific region calling using Comb-P 
 
Results for every probe were converted into a BED file (containing genomic 

locations and t-test cell-type specific P-values) and run through the comb-p 

(Pedersen et al., 2012) pipeline to group ≥ 3 spatially correlated CpGs with a 

seed of P = 9x10-8 and distance parameter set to 500 bp. Briefly, comb-p 

generates DMRs by (1) calculating the autocorrelation between probes to adjust 

the input DMP P-values using the Stouffer–Liptak–Kechris correction, (2) running 

a peak finding algorithm over these adjusted P values to identify enriched regions 

around a seed signal, (3) calculating the region P value using the Stouffer– Liptak 

correction, and (4) correcting for multiple testing with the one-step Šidák 

correction. Significant regions were identified as those with at least three probes 

and a corrected P value < 0.05. Moreover, for each cell type, results were filtered 

by statistical significance (P= 9E-08) as well as UCSC gene name (only 

annotated probes were considered) in order to characterise the DNA methylation 

status at genomic regions within genes specific to each cell type of interest.   

 

 

5.3.6.4 Pathway analysis 
 
Pathway analysis of cell-type-specific methylation sites (ct-DMPs) reaching the 

EPIC array significance threshold (P< 9.0E-08) (Mansell et al., 2019) was 

performed using the missmethyl 1.10.0 package from Bioconductor (Phipson et 

al., 2016). This P value threshold was used to limit the number of associated 

genes included, in an attempt to prevent the inclusion of false positive pathways. 
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Pathways were included if they met the following criteria: (1) the number of genes 

in the gene list was greater than one and less than 2000, (2) more than one gene 

from the analysis was present in the pathway and (3) the P value for the 

association was smaller than 9.0E-08. Furthermore, for each cell type, the list of 

significant GO terms (P-value cut off = 9E-08) was submitted to the web server 

Revigo (http://revigo.irb.hr/) developed in 2011 (Supek et al., 2011) which 

summarises long, unintelligible lists of GO terms by finding a representative 

subset of relevant terms using a simple clustering algorithm that relies on 

semantic similarity measures. The tool has been developed to remove redundant 

GO terms and assist in the interpretation of enriched gene functional categories 

defined by the GO (Supek et al., 2011). 

 

 

5.3.6.5 Enrichment analysis of regulatory regions in ct-DMPs and ct-DMRs 
distribution across genomic features 

To investigate whether ct-DMPs were enriched at specific gene features, a two-

sided Fisher’s exact 2×2 test was used to test for enrichment of significant 

differentially methylated loci (P < 9E-08) compared to all nominally significant 

DMPs (P <0.05) at any particular gene feature as described by Zhou et al (Zhou 

et al., 2017). As this is exploratory work all DMPs with P < 0.05 were considered 

to ensure all biological differences could be captured. Statistical significance with 

respect to concrete genomic region was determined by two-sided Fisher’s tests 

(significance level p < 0.05), and ORs were used as a measure of the association 

with respect to a particular feature. For statistical purposes, since background 

included all the probes interrogated by the EPIC array, appropriate adjustments 

were used in each of the comparisons. Furthermore, the genomic features 

distribution was also investigated in relation to ct-DMRs using the Chipseeker 

package which annotates the location of each given DMR in terms of genomic 

features. Genomic region positions were assigned using the R/Bioconductor 

packages TxDb.Hsapiens.UCSC.hg19.knownGene (version 3.2.2) and 

ChIPseeker version 1.12.1 (Yu et al., 2015a).  

 

 

http://revigo.irb.hr/
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5.4 Results 

Nuclei immunolabelling followed by FACS separation was performed to obtain 

neuronal (NeuN+ve/Sox10+ve, referred to as neurons), oligodendrocytic (NeuN-

ve/Sox10+ve, referred to as oligodendrocytes) and double negative nuclei 

(NeuN-ve/Sox10-ve, referred to as other glia) from 12 human post-mortem pre-

frontal cortex samples. From this, 48 epigenome-wide cell-type specific profiles 

were generated on the Illumina EPIC 850k methylation array platform (for general 

work flow, processing and quality checks see "Methods" section and Figure 5.2). 

 

 
 
Figure 5.2 Schematic flow chart summarising the analysis pipeline applied to the 
DNA methylation data generate in this chapter. 
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5.4.1 Samples quality control 

A series of quality control (QC) metrics have been calculated for all samples and 

the most relevant were reported below. Exclusion thresholds were applied as per 

QC pipeline to identify poorly performing samples. For some QC metrics the 

provided technical and biological variables were used to identify any patterns or 

reasons behind sample failures.  

Previous experience has shown that intensity level indicates sample quality and 

likelihood of passing the QC process. This is summarised for each sample by 

calculating the median of the methylated signal intensity and unmethylated signal 

intensity (Figure 5.3). Samples with really low intensity values (< 1500) are 

usually dropped at this stage. In this study two samples only showed relatively 

low intensities: KCL11_DN (M.median, 988; U.median, 1070) and BRI7_N 

(M.median, 2094; U.median, 1403). Both samples were kept at this stage to 

further assess their performance on different QC metrics. 

 

 

 
 
Figure 5.3 Methylated (M) and Unmethylated (U) intensities. 
The intensity check is the best indicator of sample quality. The median methylated signal 

intensity and unmethylated signal intensity for each sample was calculated according to 

the QC pipeline. Two samples failed this step (M.median < 1500 | U.median < 1500) but 

they were kept until the end of the QC pipeline to check overall performance.  
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For each sample a bisulfite conversion statistic was calculated using the control 

probes present on the array as the median value across 100% fully methylated 

control probes. A threshold of 80% was applied excluding samples below this cut 

off. In this dataset one sample fell below this metrics (Figure 5.4) with a score of 

60%: KCL11_DN. 

 

 

Figure 5.4 Bisulfite conversion rate. 

Bisulphite conversion statistic for each sample was calculated, and a histogram of the 

results plotted. This shows the conversion statistics were generally high except for one 

sample. Samples with a conversion < 80% fail the QC and are removed at a later stage. 

 

 

Detection P-values provides a measure of the accuracy of the DNA methylation 

detected at a given probe for a specific sample net of the background noise. 

Probe-level filtering was conducted after exclusion of poor performing samples. 

For each sample, the number of sites where the signal was not detectable above 

the background was calculated. Samples with a high percentage of these sites 

were excluded. In this dataset, one sample was recommended for removal 

(KCL11_DN) and therefore excluded from subsequent analyses. 

The goal of normalisation was to convert data for each sample into a common 

distribution and minimise effects of technical variation. Outlier samples usually 



 

324 
 

need a high level of manipulation to be transformed and make them look more 

similar to the rest of the samples. To identify samples that were dramatically 

altered as a result of normalization the difference between the normalized and 

raw data was quantified at each probe for each sample calculating the root mean 

square. Furthermore, density plots of the beta values were plotted for each 

sample before and after normalisation separately for type I and type II probes 

(Figure 5.5). 

 

 

 
 

Figure 5.5  Density plots showing the β values distribution across samples. 
Shown are the β values distribution before (a) and after (b) quality control and 
normalisation steps for type I probes (black) and type II probes (red). 
 

 

Figure 5.6 reports the correlation between chronological age and predicted 

cortical DNA methylation age calculated separately for each FANS sorted cell 

type using a published algorithm (Shireby et al., 2020) while Figure 5.7 and 

Figure 5.8 shows respectively cell type specific and sex driven differences in 

mitotic age acceleration across sorted nuclei populations. Lastly, neuronal 

proportion was estimated for each FANS sorted brain samples by applying and 

comparing the output of two publicly available tools like the CETS algorithm and 

the Horvath DNA Methylation Age Calculator tool (see Methods for details). 

Interestingly, neurons account for 25% or more of the cells in the double negative 

(NeuN-ve/Sox10-ve) fraction classified as “other glia” supporting the idea that 

neuronal subtypes are likely to be missed by the NeuN staining (see Figure 5.9).  
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Figure 5.6 Correlation between chronological age and predicted Cortical DNAm 
Age. 
Shown is the correlation between chronological age (x-axis) and predicted age (y-axis) 
calculated separately for each FANS sorted cell type for all 12 samples using the Cortical 
Clock from (Shireby et al., 2020). Interestingly, the total fraction (Total Nuclei) which 
mimics the bulk tissue and upon which the clock has been trained, distributes along the 
y=x line showing the highest correlation. Neuronal nuclei (NeuN+ve/Sox10+ve) display 
younger DNAm age while oligodendrocytes (NeuN-ve/Sox10-ve) slightly older DNAm 
Age compared to the chronological one. The other glial cells (NeuN-ve/Sox10-ve) shows 
the most deviant correlation.  
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Figure 5.7 Mitotic age calculated for each nuclei fraction across all samples using 
miAge. 
An Anova was run to compare all four groups against each other at once followed by a 
Tukey HSD post-hoc test which corrects for multiple comparisons. The Anova P value 
represents the level of significance that at least one of the group means is significantly 
different from the other. Mean differences between the groups compared were all 
suggesting significance (Tukey P<0.05) with the other glia-enriched nuclei population 
(NeuN-ve/Sox10-ve, orange) showing the greatest acceleration in the number of cell 
divisions among the four groups compared (Mean difference DN vs N-/S+= 115.7, Tukey 
P = 3.7e-07).Darkmagenta, Neuronal-enriched population; darkpink, oligodendrocytes-
enriched population, orange, glial-enriched population; dark-grey,Total (unsorted) nuclei. 
DN, Double Negative (NeuN-ve/Sox10-ve); Double Positive (NeuN+ve/Sox10+ve); N-
/S+ (NeuN-ve/Sox10+ve); TN (Total Nuclei). 
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Figure 5.8 Sex differences in mitotic age acceleration across cell types. 
(A) The other glia-enriched nuclei population (DN; NeuN-ve/Sox10-ve) showed the largest means difference in cell division rate between 
female and male (Mean F= 286.2, Mean M=358.7), however t-test P value was not significant (P>0.05) to support the hypothesis of true 
differences.This is likely to be due to the really large variance characterising the M group (B) The oligodendrocyte-enriched population             
(N-/S+; NeuN-ve/Sox10+ve) showed a less pronounced mean difference between sex (Mean F=184.8, Mean M=199.1) but significant 
(P<0.05). (C) The neuronal-enriched population (DP; Neun+ve/Sox10+ve) showed an even smaller mean difference between groups (Mean 
F= 265.8, Mean M=254.9) as well as non significant P value (P>0.05).
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Figure 5.9 Neuronal proportion estimate in FANS sorted brain samples. 
A) Boxplot showing the neuronal proportion contained in each of the four nuclei fractions (DP, NeuN+ve/Sox10+ve, neurons enriched 
fraction; N-/S+, NeuN-ve/Sox10+ve (oligodendrocyte enriched fraction); DN, NeuN-ve/Sox10-ve (other glia-enriched fraction); TN, Total 
(pool of unsorted nuclei). Proportion of neurons per fraction was estimated using Horvath DNA Methylation Age Calculator tool. B) Neuronal 
proportion estimate in FANS sorted brain samples using CETS algorithm. Boxplots are a standardized way of displaying the distribution of 
data based on a five number summary: minimum, maximum, median, first quartile, and third quartile. Each box extends from the first quartile 
to the third quartile (IQR). A line goes through the box at the median (mid-point of the data and is shown by the line that divides the box into 
two parts). The whisker lines go from each quartile to the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR).
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Taken together these data confirm a successful and clear separation of neuronal 

derived nuclei and oligodendrocyte derived nuclei from other glial origin nuclei in 

post-mortem frozen brain tissue. 

 

 

5.4.2 FANS –purified nuclei fractions differ in DNA methylation profiles 

The microarray data confirmed the strong enrichment of the nuclei fractions for 

specific cell type (neurons, oligodendrocytes and other glial cells) in agreement 

with the gene expression assays (qPCR and sn-RNAseq). 

To systematically define cell-type-specific methylation sites (ct-DMPs), neurons, 

oligodendrocytes and other glia nuclei populations were compared by performing 

a one-sided Anova analysis followed by t-test and filtering for methylation 

differences significant at P value < 9E-08. For the NeuN+ve/Sox10+ve fraction, 

were identified 145,936 significant ct-DMPs (approx. 17% of all sites and 50% of 

ANOVA significant sites) distributed across 18,693 genes many of which known 

to be differentially expressed in neurons compared to oligodendrocytes and other 

glia cells such as SYNPO (Mundel et al., 1997, Gasparoni et al., 2018) 

(cg16264911, p=1.30E-30), FOXP1 (Tamura et al., 2003, Gasparoni et al., 2018, 

Bacon et al., 2015) (cg03040208, p=9.42E-22) and GRIN2B (Hu et al., 2016a, 

Bell et al., 2018)  (cg16862319, p=1.08E-31). 

For the NeuN-ve/Sox10+ve fraction, in total 83,354 significant ct-DMPs (approx. 

9% of all sites and 31% of ANOVA significant sites) distributed across 14,423 

genes were identified. Many of these genes are known to be differentially 

expressed in oligodendrocytes or OPCs compared to neurons or other glia cells 

such as PLP1 (Bozzola et al., 1991, Hamdan et al., 2015) (cg24974356, p= 

1.10E-20), MOG (Ramanathan et al., 2016, Peschl et al., 2017) (cg00151089, p= 

5.73E-24) and OPALIN (Aruga et al., 2007, Yoshikawa et al., 2008) (cg03285073, 

p= 3.26E-21).  

For the NeuN-ve/Sox10-ve fraction, 42,559 ct-DMPs (approx. 5% of all sites and 

16% of ANOVA significant sites) were found to be significant and distributed 

across 10,680 genes many of which are known to be differentially expressed in 

astrocyte (e.g. SLC4A4 (Del-Aguila et al., 2019) (cg23726831, p= 1.72E-12); 

NDRG2 (Li et al., 2020b, Flugge et al., 2014) (cg23288563, p= 3.47E-11); 

ALDH1L1 (cg21532590, p= 1.30E-12) (Chen et al., 2016, O'Leary et al., 2020) or 
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microglia (e.g. CD74 (Thrupp et al., 2020, Peferoen et al., 2015), (cg01601628, 

7.14E-15); C1QB (Walker et al., 1995),  (cg04097715, p=4.88E-15); CX3CR1 

(Galatro et al., 2017, Gyoneva et al., 2019) (cg03296370, p=1.65E-15), 

compared to oligodendrocyte and/or neuronal cells.  

When examining the methylation status of significant (P<9E-08) ct-DMPs across 

the three cell types a slightly larger proportion of DMPs were found to be 

hypomethylated in oligodendrocytes (53,6% hypomethylated, 46,4% 

hypermethylated, P<2.2E-16) while an higher proportion of DMPs was 

hyopermethylated in other glial cells (45,5% hypomethylated, 55,5% 

hypermethylated, P<2.6E-16). No significant differences were found for the 

neurons-specific DMPs (50,2% hypomethylated, 49,8% hypermethylated, 

P=0.15) (Figure 5.10). As showed by the Sign Test P-values reported, the 

difference in percentage between hypo- and hyper-methylated DMPs for both 

oligodendrocytes and other glial cells were statistically significant. 

Interestingly, each isolated nuclei population revealed a distinct DNA methylation 

profile when compared with one another as well as relative to the total fraction 

(proxy of bulk tissue) as shown in Figure 5.11. These prominent differences that 

are completely masked in the bulk tissue prove the relevance of cell sorting to 

uncover within-tissue divergency of epigenetic signal. 

Furthermore, when plotting individual differentially methylated sites, a consistent 

pattern of methylation became apparent: oligodendrocytes and other glial cells 

showed similar methylation levels (hypermethylation) while neurons were 

consistently hypomethylated at the same CpG sites relative to oligodendrocytes 

and glial cells. Worthy of note, the total fraction (unsorted nuclei) persistently 

exhibited 40 to 60% methylation levels for the same probes lending support to 

the hypothesis that changes captured in the bulk tissue could be influenced by 

fluctuations in cell composition in particular of the neuronal fraction. Figure 5.12 

displays an example of this, by reporting the DNA methylation levels across the 

four fractions for 10 of the top ranked probes
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Figure 5.10 Volcano plots showing the methylation status of the most significant ct-DMPs across the three cell types profiled. 
The reference group for the X-axis is the difference between the plotted cell type and the remaining two cell types combined. A) No significant 
difference in proportion was detected between hyper/hypo-methylated DMPs in neuronal enriched population (i.e.NeuN+ve/Sox10-ve) 
(50.2% vs 49.8%) meanwhile (B) the oligodendrocyte enriched population (i.e.NeuN+ve/Sox10-ve) showed a modest enrichment in 
hypomethylated DMPs (53.6%). (C) The nuclei population enriched in other glia (NeuN-ve/Sox10-ve) reported an enrichment of 
hypermethylated DMPs (55.5%). On the X-axis, Beta % is the DNA methylation difference (%). Blue (hypomethylated), red 
(hypermethylated). 
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Figure 5.11 Hierarchical clustering of the 5000 most variably methylated probes 
across all samples. 
Heatmap showing significant differentially methylated sites (DMPs) discriminating 
between nuclei fractions. DNA methylation was measured in the three separate neural 
nuclei fractions along with total nuclei using the Illumina EPIC array. T-statistics were 
calculated for each fraction compared to the remaining fractions combined to identify 
differentially methylated positions (DMPs) that are unique to each nuclei fraction. 
Standard deviation (sigma) at each site was calculated and plotted as measurement of 
variability. Each individual fraction showed a distinct pattern of methylation across the 
same 5000 most variable DMPs. Darkmagenta, DP (Neuronal-enriched population); 
deeppink, N-/S+ (oligodendrocytes-enriched population), orange, DN (glial-enriched 
population); dark-grey, TN (unsorted nuclei). DP, double positive; N+/S+, 
NeuN+ve/Sox10-ve; DN, double negative; TN, total nuclei. 
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Figure 5.12 Top 10 most variable DMPs across cell types. 
Boxplots showing the DNA methylation levels (%) at different CpG sites which ranked among the most variable positions after the one-way ANOVA analysis. 
Interestingly, a consistent pattern in the distribution of the nuclei fractions can be identified along the methylation scale: the neuronal enriched (2, dark 
magenta) fraction is consistently hypomethylated compare to the oligodendrocyte (3, deep pink) and other glia enriched (4, orange) nuclei fractions which 
show higher DNA methylation levels (≥ 80%). DP (NeuN+ve/Sox10+ve), Neuronal-enriched nuclei; S-/N+ (NeuN-ve/Sox10+ve), oligodendrocyte enriched 
nuclei; DN, NeuN-ve/Sox10-ve, glial enriched fraction; TN, total nuclei. Boxplots are a standardized way of displaying the distribution of data. Each box 
extends from the first quartile to the third quartile (IQR). A line goes through the box at the median (mid-point of the data and is shown by the line that divides 
the box into two parts). The whisker lines go from each quartile to the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR). 
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5.4.2.1 Neuronal-specific DMPs across purified nuclei populations 

In order to further investigate the enrichment of the sorted nuclei fractions, DMPs 

located within or in proximity of known marker genes specific for different neural 

cell types were examined to compare DNA methylation levels across fractions. 

Figure 5.13 shows the DNA methylation profile for eight representative neuronal 

marker genes recovered from the literature: UCHL1, GRIN2B, RBFOX3, VSNL1, 

STMN2, GAD1, SCG2 and RTN1 (Del-Aguila et al., 2019, Grubman et al., 2019, 

Velmeshev et al., 2019). Interestingly, in genes which are highly expressed in 

neurons, the associated CpGs showed substantial loss of DNA methylation in the 

neuronal-enriched fraction compared to the other nuclei populations.  
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Figure 5.13 Neuronal-specific differentially methylated positions (DMPs). 
Boxplots showing representative examples of CpG sites within known neuronal marker genes differentially methylated (t-test P< 9E-08) across nuclei 
fractions.The neuronal enriched (DP, NeuN+ve/Sox10+ve) population reveals a distinct DNA methylation pattern being significantly hypomethylated when 
compared to the other three fractions. To be noted, the total fraction which is a mixture of all nuclei, neuronal included, sits consistently in the middle of 
the distribution. Boxplots are a standardized way of displaying the distribution of data. Each box extends from the first quartile to the third quartile (IQR). 
A line goes through the box at the median (mid-point of the data and is shown by the line that divides the box into two parts). The whisker lines go from 
each quartile to the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR). S-/N+ (NeuN-ve/Sox10+ve), oligodendrocyte enriched nuclei; 
DN, NeuN-ve/Sox10-ve, glial enriched fraction; TN, total nuclei.
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5.4.2.2 Oligodendrocyte-specific DMPs across purified nuclei populations 

Similarly, three gene signatures of oligodendrocyte precursor cells such as TNR 

(Czopka et al., 2009, Pesheva et al., 1997), PTGDS (Sakry et al., 2015) and 

PDGFRA (Dang et al., 2019) together with eight marker genes for mature 

oligodendrocytes (TMEM144  (McKenzie et al., 2018), OLIG1 (Dietz et al., 2016), 

PLP1 (Werner et al., 2007), UGT8 (Yang et al., 2019, Aston et al., 2005), TF 

(Aberg et al., 2006), CNP (Othman et al., 2011), SCD (Arion et al., 2006) and 

PIP4K2A (Noch et al., 2020)),were examined to assess the DNA methylation 

status at DMPs located in these marker genes. These CpGs showed a strong 

loss of DNA methylation in the Sox10+ve population except for the TMEM144 

oligodendrocyte marker which was found to be hypermethylated in the Sox10+ve 

nuclei compared to other glial cells and neuronal cells (see Figure 5.14 and 

Figure 5.15 for details).  
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Figure 5.14 OPC-specific differentially methylated positions (DMPs).  
Boxplots showing representative examples of CpG sites whithin known OPC marker genes differentially methylated (t-test P<9E-08) across nuclei 
fractions.The oligodendrocyte enriched (N-/S+, NeuN-ve/Sox10+ve) population reveals a distinct DNA methylation pattern being consistently 
hypomethiyated when compared to the other three fractions. To be noted, the total fraction which is a mixture of all nuclei, oligodendrocytic included, sits 
consistently in the middle of the distribution. Boxplots are a standardized way of displaying the distribution of data. Each box extends from the first quartile 
to the third quartile (IQR). A line goes through the box at the median (mid-point of the data and is shown by the line that divides the box into two parts). The 
whisker lines go from each quartile to the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR). DP (NeuN+ve/Sox10+ve), Neuronal-
enriched nuclei; DN,NeuN-ve/Sox10-ve, glial enriched fraction; TN, total nuclei. 
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Figure 5.15 Oligodendrocyte-specific differentially methylated positions (DMPs). 
Boxplots showing representative examples of CpG sites whithin known marker genes of mature oligodendrocytes which are differentially methylated (t-test P<9E-
08) across nuclei fractions.The oligodendrocyte enriched (N-/S+, NeuN-ve/Sox10+ve) population reveals a distinct DNA methylation pattern being hypomethylated 
(A-G) or hypermethylated (H) when compared to the other three fractions. To be noted, the total fraction which is a mixture of all nuclei, oligodendrocytic included, 
sits consistently in the middle of the distribution. Boxplots are a standardized way of displaying the distribution of data. Each box extends from the first quartile to 
the third quartile (IQR). A line goes through the box at the median (mid-point of the data and is shown by the line that divides the box into two parts). The whisker 
lines go from each quartile to the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR). DP (NeuN+ve/Sox10+ve), Neuronal-enriched nuclei; 
DN,NeuN-ve/Sox10-ve, glial enriched fraction; TN, total nuclei.



 

339 
 

5.4.2.3 Other glial-specific DMPs across purified nuclei populations 

With a similar intent, the ANOVA results were screened to determine the DNA 

methylation status at CpGs located in markers of cell identity within the double 

negative nuclei fractions. Specifically, microglia marker genes such as C1QB 

(Byrnes et al., 2006), C1QA (Hartmann et al., 2019), CSF1R (Konno et al., 2018), 

TMEM119 (Satoh et al., 2016), MRC1 (Lecca et al., 2018),  SALL1 (Li et al., 

2018), MEF2C (Deczkowska et al., 2017, Holtman et al., 2017) and IRF8 

(Masuda et al., 2012) and well documented astrocyte-specific genes (e.g. CPE 

(Klein and Fricker, 1993), GPR37L1 (Nguyen et al., 2020, Liu et al., 2019b), 

ALDH1L1 (Chen et al., 2016), PAX6 (Sakurai and Osumi, 2008), and GFAP (Hol 

and Pekny, 2015)) were found to be significantly differentially methylated when 

compared to the remaining cell types suggesting the distinct identity of this 

population. CpGs  at these genes showed a strong loss of DNA methylation in 

the double negative fraction for the majority of the genes assessed (see Figure 

5.15 and Figure 5.16) with few exceptions: the  microglia marker IRF8 (DNA 

methylation >75%) and SALL1 (DNA methylation >60%) as well as the astrocyte 

marker CPE (DNA methylation > 60%). Interestingly, at this same locus, both the 

Neu+ve and Sox10+ve fractions were significantly unmethylated. Also worth 

mentioning, for the astrocyte-specific gene PAX6 very low DNA methylation 

levels were observed not only in the double negative fraction but in the Sox10+ve 

fraction too suggesting that high gene expression levels at this locus characterize 

both astrocytes and oligodendrocytes (Figure 5.15). More in general, less 

consistent DNA methylation patterns were dispayed by each cell type when 

markers of other glial cells were examined. This should not surprise since the 

double negative fraction is the most heterogenous group of all where microglia 

and astrocytes are likely to be the most represented yet not the only cell type 

captured. Furthermore, the pre-designed probes coverage offered by the EPIC 

array might also explain the discrepancy of results. Such cases nicely illustrate 

the complexity of DNA methylation across cell-types and the advantage of cell 

sorting over bulk tissue.
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Figure 5.16 Microglia-specific differentially methylated positions (DMPs). 
Boxplots showing representative examples of CpG sites within known marker genes of microglia which are differentially methylated (t-test P<9E-08) across 
nuclei fractions. The DN (NeuN-ve/Sox10-ve) population, presumably enriched in microglia and astrocytes, reveals a variable DNA methylation pattern being 
significantly hypomethilated at the majority of the sites investigated (A-E) when compared to the other three fractions. To be noted, the total fraction which is a 
mixture of all nuclei, glial included, here shows a methylation profile more similar to the neuronal and oligodendrocyte enriched fractions. Boxplots are a 
standardized way of displaying the distribution of data. Each box extends from the first quartile to the third quartile (IQR). A line goes through the box at the 
median (mid-point of the data and is shown by the line that divides the box into two parts). The whisker lines go from each quartile to the minimum (1st quartile 

– 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR). DP (NeuN+ve/Sox10+ve), neuronal-enriched population; N-/S+ (NeuN-ve/Sox10+ve) oligodendrocyte 
enriched population; TN, total nuclei. 
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Figure 5.17 Astrocyte-specific differentially methylated positions (DMPs). 
Boxplots showing representative examples of CpG sites within known marker genes of astrocytes which are differentially methylated (t-test P<9E-08) across 

nuclei fractions. The DN (NeuN-ve/Sox10-ve) population, presumably enriched in microglia and astrocytes, reveals a variable DNA methylation pattern being 

significantly hypermethilated (A-B) or Hypomethylated (C-F) when compared to the other three fractions. To be noted, the total fraction which is a mixture of all 

nuclei, glial included, here shows a methylation profile more similar to the neuronal and oligodendrocyte enriched fractions. Boxplots are a standardized way 

of displaying the distribution of data. Each box extends from the first quartile to the third quartile (IQR). A line goes through the box at the median (mid-point of 

the data and is shown by the line that divides the box into two parts). The whisker lines go from each quartile to the minimum (1st quartile – 1.5 x IQR) or 

maximum (3rd quartile + 1.5 x IQR). DP (NeuN+ve/Sox10+ve), neuronal-enriched population; N-/S+ (NeuN-ve/Sox10+ve) oligodendrocyte enriched population; 

TN, total nuclei. 
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5.4.3 Differentially methylated region analysis identified cell type 
specific DMRs with consistent DNA methylation pattern within 
cell type  

The regional analysis conducted on sorted nuclei populations allowed to pinpoint 

several regions in the genome uniquely differentially methylated in each of the 

investigated cell type. As further measure of cell identity, the available literature 

was screened to recover well established cell type marker genes and examine 

whether those genes were significantly differentially methylated when comparing 

the three groups. Nine DMRs (P-value<9E-08) were detected in neuronal-specific 

genes  (see Table 5.2 for full details), three in astrocyte-specific genes (see Table 

5.3 for full details), six in microglia signature genes (see Table 5.4 for full details) 

and eight in oligodendrocytes marker genes (see Table 5.5 for full details). The 

following GVIZ plots (Figure 5.18 to Figure 5.32) illustate the direction of the 

DNA methylation changes (hypo/hyper-methyation) across the CpG sites 

constituting the DMRs while comparing the three cell types, neurons 

(NeuN+ve/Sox10+ve nuclei), oligodendrocytes (NeuN-ve/Sox10+ve nuclei) and 

other glia (NeuN-ve/Sox10-ve nuclei). For each DMR reported in this result 

section, prior to the respective GVIZ plot, a brief review of the evidence justifying 

the selection of the explored gene as marker of cell type is provided. 
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Table 5.2 Neuronal-specific differentially methylated regions identified in neuronal enriched (NeuN+ve/Sox10+ve) nuclei samples. 

 

CHR DMR (Hg19) 
N° of 

probes 
Smallest 
P-value 

RefGene 
Name  
(UCSC) 

RefGene Group 
 (UCSC) 

CpG Islands Name (UCSC) 

Relation 
to UCSC 

CpG 
Island 

2 chr2:17720458-17837235 12 4.57E-09 VSNL1 
TSS1500/ 5'UTR/ 

Body 

chr2:17720155-17720417 S Shore 

chr2:17721537-17722021 S Shelf 

2 chr2:224462651-224464760 3 3.00E-16 SCG2 Body/ 5'UTR   

3 chr3:63263752-63372516 5 2.32E-09 SYNPR TSS200/ Body chr3:63263989-63264205 N Shore 

4 chr4:41258560-41270335 5 3.49E-09 UCHL1 TSS1500/ Body chr4:41258759-41259867 N Shore 

7 chr7:146072558-148111040 18 4.52E-08 CNTNAP2 Body   

8 chr8:80523191-80525764 6 1.62E-08 STMN2 TSS200/ Body chr8:80523975-80525765 N Shore 

12 chr12:13716374-14133168 16 5.28E-10 GRIN2B Body/ 5'UTR chr12:13715849-13717034 Island 

14 chr14:60174988-60278381 5 1.69E-09 RTN1 Body chr14:60193831-60194302 N Shelf 

17 chr17:77142379-77474046 39 5.20E-08 RBFOX3 5'UTR chr17:77460245-77460646 N Shore 

Abbreviations: DMR, differentially methylated region; Chr, chromosome ; Hg19,Human Genome version 19; UCSC, University of California, Santa Cruz 
Human Genome Browser; TSS, transcriptional start site; UTR, untranslated region. 
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5.4.3.1 Neuronal DMRs 

Synaptoporin (SYNPR) is a protein coding gene known for being expressed in 

mature neurons (Wilcox et al., 2011, Takagi et al., 2014). Its expression in the 

brain displays a distribution restricted to telencephalic structures, hippocampus, 

olfactory bulb and retina (Singec et al., 2002, Bergmann et al., 1993) and whithin 

these area, only in selected neuronal populations (Sun et al., 2006). However, 

the functional role of synaptoporin in the secretion of synaptic vesicles remains 

poorly understood (Sun et al., 2006). This neuron-related gene, elsewhere 

showed altered gene expression (downregulated) in association to human brain 

arteriovenous malformations indicating the loss of neurons associated with this 

condition (Takagi et al., 2014). Synaptoporin is the first synaptic vesicle protein 

that has been found to be up-regulated in primary sensory neurons after 

peripheral nerve injury. Thus, changes in its expression have been linked to the 

regulation of synaptic transmission in sensory afferent terminals under both 

physiological and pathological pain states (Sun et al., 2006). Despite its role in 

synaptic transmission, no evidence of its involvment in brain disorders has been 

reported to date.  
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Figure 5.18 Neuron-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 
This DMR, spanning five CpG sites and located along the gene body of the neuronal 
marker SYNPR gene (P <9E-08), was found consistently hypermethylated in the 
neuronal fraction (dark magenta line) compared to oligodendrocyte (deep pink) and glial 
(orange)-enriched fractions. The solid line is for illustration purposes and not indicative 
that the CpG sites between sites are also methylated. 
 
 
 

The (visinin-like 1) VSNL1 gene product, Visinin-like-protein-1 (VILIP-1), is a 

member of the neuronal Ca2+-sensor protein family (Braunewell, 2005, Burgoyne, 

2007) Neuronal calcium sensor proteins are key players in different neuronal 

signalling pathways (Burgoyne, 2007, Cai et al., 2001) and have been implicated 

in numerous pathological processes of central nervous system disorders 

(Braunewell, 2005). In the nervous system, VILIP-1 is consistently expressed in 

hippocampal neurons, cerebellar granular cells, interneurons, cortical pyramidal 

cells, as well as in other neurons (Bernstein et al., 1999). VILIP-1 influences 

cytosolic cyclic adenosine mono phosphate (cAMP) levels and the activity of 

neurotransmitter receptors and ion channels, which are related to learning and 

memory processes (Spilker et al., 2002, Braunewell et al., 2003) Different lines 

of evidence have accumulated indicating that neuronal calcium sensor proteins, 

such as VILIP-1, are associated with SCZ . VSNL1 has been correlated with 

cytoarchitectural abnormalities in SCZ and bipolar depression, with differentiated 

gene expression found in the frontal cortex thus proposing VSNL1 as a potential 
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novel susceptibility factor (Kim and Webster, 2011). These results have been 

confirmed by independent microarray and proteomic studies (Miklos and 

Maleszka, 2004, Vercauteren et al., 2007). More recently, increased expression 

of miRNAs (e.g, miR-181b) was discovered in SCZ and was found to negatively 

regulate VILIP-1 expression in the brain of individuals affected by SCZ and in 

human dopaminergic SH-SY5Y neurons (Beveridge et al., 2008), further adding 

to the evidence implicating  a role for VILIP-1 in SCZ. Furthermore, an association 

of SNPs in the VSNL1 gene with SCZ and frontal cortical functions was reported 

(Braunewell et al., 2011). Similar to other potential SCZ susceptibility genes, 

VSNL1 was found to affect cAMP signalling for differentiation and neurite 

outgrowth in rat neurons as well as human SH-SY5Y neuronal cells (Braunewell 

et al., 2011). Indeed, cAMP is a well-known promoter of neurite plasticity and 

branching (Cai et al., 2001, Baptiste and Fehlings, 2006). Lastly, VILIP-1 was 

also identified as a cerebrospinal fluid biomarker of neuronal/synaptic injury in  

AD (Braunewell, 2012, Sutphen et al., 2018, Lee et al., 2008, Gomez Ravetti et 

al., 2010). Although VILIP-1 was originally identified in the brain, its expression 

can be detected in peripheral tissues and organs such as heart, lung, liver, and 

testis (Gierke et al., 2004), suggesting a potential role in maintaining normal 

tissue homeostasis in both nervous tissue and non-neural tissues (Fu et al., 

2009). Despite the recent reports highlighting the role of VILIP-1 in physiological 

and pathological processes, the molecular mechanisms controlling its expression 

remain unknown (Fu et al., 2009, Braunewell et al., 2011). 
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Figure 5.19 Neuron-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 
This DMR, spanning 15 CpG sites and located in the gene body of the neuronal marker 

VSNL1 gene (P <9E-08), was found consistently hypomethylated in the neuronal fraction 

(dark magenta line) compared to oligodendrocyte (deep pink) and glial (orange)-enriched 

fractions. The solid line is for illustration purposes and not indicative that the CpG sites 

between sites are also methylated. 

 

 

 

Ubiquitin C-terminal hydrolase L1 (UCHL1) is a unique brain and neuron-

specific protein (Day and Thompson, 2010) essential for axonal function (Larsen 

et al., 1996). UCHL1 closely interacts with proteins of the neuronal cytoskeleton 

and may play an important role in axonal transport and maintaining axonal 

integrity (Bheda et al., 2010, Pukass and Richter-Landsberg, 2015, Liu et al., 

2015). This deubiquitinating enzyme also regulates synaptic function and long-

term potentiation (LTP) and may be involved in memory function (Sakurai et al., 

2008, Gong et al., 2006). Mutations in UCHL1 result in axonal pathology and 

extensive deficits in motor function (Liu et al., 2019a). UCHL1 activity has showed 

to protect neurons from hypoxic injury by removal of abnormal proteins via the 

ubiquitin–proteasome pathway (UPP) and autophagy therefore preserving axonal 

conductance and synaptic function (Liu et al., 2019a).  
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Furthermore, mutations and aberrant function of UCHL1 have been linked with 

neurodegeneration in Parkinson's (Liu et al., 2002, Bilguvar et al., 2013), 

Alzheimer's (Choi et al., 2004) and Huntington's disease (Naze et al., 2002). It 

remains unclear however, whether the link between low UCHL1 function and 

neuronal death is a consequence of downregulation of protein turnover or 

whether levels of UCHL1 activity affects other cell functions (Lombardino et al., 

2005).  

 

 
 

Figure 5.20 Neuron-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 
This DMR, spanning five CpG sites and located in the gene body of the neuronal marker 
UCHL1 gene (P <1E-07), was found consistently hypomethylated in the neuronal fraction 
(dark magenta line) compared to oligodendrocyte (deep pink) and glial (orange)-enriched 
fractions. The solid line is for illustration purposes and not indicative that the CpG sites 
between sites are also methylated. 
 
 

Secretogranin II (SCG2) is a protein widely distributed in nervous and endocrine 

tissues, and abundant in neuroendocrine granules (Li et al., 2008a). SCG2 is the 

precursor of a 33 amino-acid peptide secretoneurin, which modulates 

neurotransmission and inflammatory responses and may be involved in neuronal 

differentiation (Wiedermann, 2000, Taupenot et al., 2003). Secretoneurin 

promotes neurite outgrowth of immature cerebellar granule cells and also aids in 

the growth and repair of neuronal tissue, although the precise mechanisms 

underlying the promotion of brain tissue neuroprotection and plasticity by this 
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neuropeptide are not understood (Shyu et al., 2008). Notably, the highest degree 

of processing of SCG2 (>90%) occurs in the brain, producing functional 

secretoneurin at concentrations comparable to other established neuropeptides 

(Li et al., 2008a). Progressive structural brain changes in individuals with BPD 

have been associated with defects in the secretion of neurotrophic factors and 

Secretogranin II has been suggested to be a biological marker of the regulatory 

secretory pathway in the brain (Jakobsson et al., 2013). Concentrations of 

secretogranin II were found significantly lower in CSF from patients with BPD type 

I than in healthy controls (Jakobsson et al., 2013). Since Secretogranin II may act 

as a neuroprotective peptide and is coreleased with neurotrophins, these findings 

support the hypothesis that defects in neurotrophin signalling are involved in the 

pathophysiology of severe BPD and that CSF marker secretogranin II might act 

as a biological marker for the disorder (Jakobsson et al., 2013).  

 

 

 
Figure 5.21 Neuron-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 
This DMR, spanning 3 CpG sites and located in the gene body of the neuronal marker 
SCG2 gene (P <1E-07), was found consistently hypomethylated in the neuronal fraction 
(dark magenta line) compared to oligodendrocyte (deep pink) and glial (orange)-enriched 
fractions. The solid line is for illustration purposes and not indicative that the CpG sites 
between sites are also methylated.
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Table 5.3  Astrocyte-specific differentially methylated regions identified in double negative nuclei populations using Comb-P.

 Astrocyte-specific differentially methylated regions identified in double negative nuclei populations 

Hg19 Chr 
No of 

probes 
Slk P-value Sidak P-value 

Annotated gene 
(UCSC) 

refGene 
feature 

CpG Island 
Ext name 

CpG Island Ext 
feature 

chr9: 75612497-75612612 9 3 4.44E-13 3.20E-09 ALDH1A1 intergenic CpG: 177 NA 

chr17: 42988784-42989148 17 5 4.71E-18 1.07E-14 GFAP intron+cds CpG: 41 island 

chr17: 70112050-70112308 17 4 1.03E-14 3.32E-11 SOX9 nc_intron CpG: 26 island 

Abbreviations: Hg19, Human Genome version 19; UCSC, University of California, Santa Cruz Human Genome Browser. Stouffer-Liptak-Kechris 
correction (slk); one-step Siidak (1967) multiple-testing correction. 
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5.4.3.2 Astrocyte-specific DMRs 

Astrocytes have in recent years become the focus of intense experimental 

interest, yet markers for their definitive identification remain both scarce and 

imperfect (Sun et al., 2017). Astrocytes have been traditionally identified 

immunohistochemically by antibodies that target cell-specific antigens in the 

cytosol or plasma membrane including glial fibrillary acidic protein (GFAP), S100 

calcium-binding protein B (S100β), glutamate transporter 1 (GLT1) (Rothstein et 

al., 1994), aquaporin-4 (AQP4), connexin-43 (Cx43), connexin-30 (Cx30) (Nagy 

et al., 1999), and, more recently, aldehyde dehydrogenase 1 family member L1 

(ALDH1L1) (Cahoy et al., 2008). Several recent transcriptome analyses of 

astrocytic genes have suggested that SRY-Box Transcription Factor 9 (SOX9) 

is highly enriched in astrocytes (Lovatt et al., 2007, Barnabe-Heider et al., 2010, 

Molofsky et al., 2013, Zhang et al., 2014, Farmer et al., 2016).  SOX9 is a member 

of a highly conserved family of transcription factors defined by their similarity to 

the high-mobility group DNA-binding domain of SRY (sex-determining region Y). 

Studies have documented that SOX9 plays important roles during the 

development of nervous system and especially in glial fate specification (Sun et 

al., 2017). SOX9 may also regulate extracellular matrix production in astrocytes, 

which in turn modulate synaptic plasticity under physiological conditions 

(Faissner et al., 2010). A recent study assessing differential RNA expression in 

FACS-purified adult astrocytes showed that both SOX9 mRNA and protein are 

expressed almost exclusively by astrocytes in the adult murine brain (Sun et al., 

2017) and transcriptome comparisons of SOX9+ cells with GLT1+ cells revealed 

that the two populations of cells exhibit largely overlapping gene expression 

profile (Sun et al., 2017).The authors therefore have proposed SOX9 as an 

astrocyte-specific nuclear marker in all major areas of the CNS outside of the 

neurogenic regions the adult murine brain (Sun et al., 2017). Interestingly, SOX9 

has been found downregulated in the dorsal lateral prefrontal cortex of individuals 

who died after suicide compared with sudden death controls (Ernst et al., 2011, 

Nagy et al., 2015b). Additionally, a study investigated genome-wide DNA 

methylation associated with astrocytic markers in depression and found SOX9 

expression significantly decreased in cases compared to controls (Nagy et al., 

2015b) suggesting a role of SOX9 and thereby of astrocytes in psychiatric 

disease. Furthermore, in a previous study, SOX9 was found to affect the 
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expression of astrocyte connexin Cx30 in the dorsolateral PFC of suicide 

completers (Ernst et al., 2011) further implicating astrocytes in the suicide 

process (Rajkowska and Miguel-Hidalgo, 2007).  

 

 
 

Figure 5.22 Astrocyte-specific differentially methylated region (DMR) in FANS 
sorted nuclei from human prefrontal cortex. 
This DMR, spanning four CpG sites and located upstream of the astrocyte marker SOX9 

gene (P <9E-08), was found consistently hypomethylated in the glial fraction (orange 

line) compared to neuronal (darkmagenta) and oligodendrocyte (deep-pink)-enriched 

fractions. The solid line is for illustration purposes and not indicative that the CpG sites 

between sites are also methylated. 

 

 

 

Glial fibrillary acidic protein (GFAP) is the main intermediate filament protein 

in mature astrocytes, but also an important component of the cytoskeleton in 

astrocytes during development (Middeldorp and Hol, 2011). GFAP is thought to 

provide mechanical support for the plasma membrane where it comes into 

contact with other cells or with the extracellular matrix. In astrocytes, it is thought 

to help maintain mechanical strength, as well as the shape of cells (Middeldorp 

and Hol, 2011). Despite the huge number of studies using GFAP as a marker for 

astrocytes, the exact function of this gene remains an enigma. Classically GFAP 

is a marker for astrocytes, known to be induced upon brain damage or during 

CNS degeneration, and to be more highly expressed in the aged brain due to an 

increase of its transcription (Morgan et al., 1999, Nichols et al., 1993). In the past 
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decade, new methods have been developed which revealed more details on the 

morphology of astrocytes allowing the imaging of astrocytes in living brain slices 

(Nolte et al., 2001, Suzuki et al., 2003). Although traditional 

immunohistochemistry has shown that GFAP expression is predominantly 

cytoplasmic, high magnification images of these astrocytes revealed that GFAP 

immunoreactivity was mainly present in the perinuclear region and in the thick 

processes (Suzuki et al., 2003) suggesting its potential application as nuclear 

marker. The structural role of GFAP in astrocytes has been known for a long time, 

but over the years, GFAP has also been shown to be involved in astrocyte 

functions, which are important during regeneration, synaptic plasticity and 

reactive gliosis (Middeldorp and Hol, 2011). Increased GFAP expression due to 

astrogliosis was found to significantly correlate with compact neuritic plaques in 

the AD brain (Simpson et al., 2010) and a different study (Ingelsson et al., 2004) 

showed that the elevated GFAP levels in AD increased with tangle burden and 

disease duration. There is also evidence that GFAP correlates inversely with 

cognitive function, independently of AD pathology (Kashon et al., 2004). In 

addition to these neurodegenerative diseases, a decrease in GFAP expression 

in different brain areas has been correlated to depression (Johnston-Wilson et 

al., 2000, Si et al., 2004) whereas increased GFAP levels were found in relation 

to autism (Laurence and Fatemi, 2005). Lastly, levels of established astrocyte 

markers (GFAP, S100B) were found increased unevenly in patients with SCZ 

(Kashon et al., 2004, Kim et al., 2018) and reactive astrogliosis was found in 

approximately 70% of patients with SCZ (Mallya and Deutch, 2018, Schnieder 

and Dwork, 2011). Although associations between GFAP and symptoms have 

not been found yet, there are several evidences that astrocytes may play a major 

role in etiology and pathogenesis of SCZ (Tarasov et al., 2019).  
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Figure 5.23 Astrocyte-specific differentially methylated region (DMR) in FANS 
sorted nuclei from human prefrontal cortex. 

This DMR, spanning five CpG sites and located in the gene body of the astrocyte marker 
GFAP gene (P <1E-05), was found consistently hypomethylated in the glial fraction 
(orange line) compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-
enriched fractions. The solid line is for illustration purposes and not indicative that the 
CpG sites between sites are also methylated. 

 

 

Past studies on astroglial gene expression profiles have started to characterise 

the molecular identity of astrocytes in vivo (Lovatt et al., 2007) and identified 

aldehyde dehydrogenase 1 family, member L1 (ALDH1L1) as the new 

astroglial marker that also selectively labels cortical astrocytes in vivo (Cahoy et 

al., 2008). ALDH1L1, is a key enzyme in folate metabolism which is important in 

nucleotide biosynthesis and cell division and growth (Krupenko, 2009). Unique 

functions of ALDH1L1 in the CNS have not been reported so far except a potential 

link to neural tube defects during early CNS development (Anthony and Heintz, 

2007). ALDH1L1 is currently recognized as a highly specific antigenic marker for 

astrocytes (Cahoy et al., 2008, Yang et al., 2011). Together with GFAP, ALDH1L1 

figured as astrocyte-associated gene in a study assessing cell type specific gene 

expression across brain disorders (SCZ, MDD, BP) (Barley et al., 2009) where 

higher mean expression levels were observed in astrocytes across regions in all 

psychiatric groups relative to controls (Barley et al., 2009). Similarly, ALDH1L1 

was examined as astrocyte-specific protein in a study investigating the role of 
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astrocytes in peripheral nerve injury and found to be upregulated during 

synaptogenesis induced by deafferentation (Lo et al., 2011). Strong ALDH1A1 

expression was observed in mature astrocytes co-expressing GFAP and S100 

providing further evidence for ALDH1A1 as a marker of astrocytic differentiation 

during brain development (Adam et al., 2012). Remarkably, expression of 

ALDH1A1 was restricted to differentiated astroglia and was not detectable in 

neurons, neuronal precursors or other progenitor populations suggesting that 

ALDH1A1 protein expression is associated with advanced differentiation of 

astroglia (Adam et al., 2012). Furthermore, a study performing a comparative 

analysis of two unique astroglial reporters in vivo supported ALDH1L1 as a 

general CNS astroglial marker (Yang et al., 2011). Finally, a transcriptomic study 

of FACS-isolated astrocytes from transgenic mice confirmed ALDH1L1 gene 

being a highly specific antigenic marker for astrocytes with a substantially broader 

pattern of expression than the traditional astrocyte marker GFAP (Cahoy et al., 

2008).  

 
 

Figure 5.24 Astrocyte-specific differentially methylated region (DMR) in FANS 
sorted nuclei from human prefrontal cortex. 
This DMR, spanning three CpG sites and located downstream the astrocyte marker 
ALDH1A1 gene (P <1E-05), was found consistently hypomethylated in the glial fraction 
(orange line) compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-
enriched fractions. The solid line is for illustration purposes and not indicative that the 
CpG sites between sites are also methylated.
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Table 5.4 Microglia-specific differentially methylated regions identified in glia-enriched (NeuN-ve/Sox10-ve) nuclei samples. 
 

 
 
 
 
 

CHR DMR( Hg19) 
N° of 

probes 
Smallest 
P-value 

RefGene 
Name 

(UCSC) 

RefGene Group 
(UCSC) 

CpG Islands Name 
(UCSC) 

Relation  to 
UCSC CpG 

Island 

1 chr1:22978556-22979546 6 1.89E-08 C1QB TSS1500/ TSS200   

5 chr5:77806538-77936665 12 5.82E-08 LHFPL2 5'UTR chr5:77805753-77806313 S_Shore 

5 chr5:149466091-149493099 5 6.00E-09 CSF1R 5'UTR/ TSS200   

12 chr12:108990874-108992148 3 5.04E-09 TMEM119 5'UTR/ TSS1500   

13 chr13:46745046-46757637 5 6.93E-08 LCP1 5'UTR/ TSS1500   

19 chr19:6719342-6721027 4 4.46E-09 C3 Body/ TSS1500   

Abbreviations: DMR, differentially methylated region; Chr, chromosome ; Hg19,Human Genome version 19; UCSC, University of California, Santa 
Cruz Human Genome Browser; TSS, transcriptional start site; UTR, untranslated region. 
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5.4.3.3 Microglia-specific DMRs 

Transmembrane protein 119 (TMEM119) is a transmembrane protein of 

unknown function, which is a developmentally regulated and highly specific cell-

surface marker of microglia not expressed by macrophages or other immune or 

neural cell types (Bennett et al., 2016). By comparative analysis of five 

comprehensive microglial transcriptome datasets, the evolutionarily conserved 

protein Tmem119 was identified as the most promising candidate of human 

microglial markers to discriminate resident microglia from blood-derived 

macrophages in the human brain (Satoh et al., 2016). Recent advances in RNA 

sequencing and other cell profiling technologies have enabled the discovery of 

cell-type-specific signature genes (Butovsky et al., 2014). Among these, 

TMEM119 was confirmed to be highly and exclusively expressed in microglia in 

the brains of mice and humans (Satoh et al., 2016) where it has been used as 

antibody to isolate pure microglia and perform RNA-seq profiling (Bennett et al., 

2016). A later study targeted the recently discovered microglia-specific Tmem119 

gene to successfully generate knock-in mice for the identification and 

manipulation of microglia (Kaiser and Feng, 2019). Interestingly, in a study 

investigating the innate immune response in the brain of subjects with multiple 

sclerosis, TMEM119 was used to differentiate microglia from recruited monocytes 

and revealed the contribution of resident microglia in multiple sclerosis lesions 

(Zrzavy et al., 2017).  
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Figure 5.25 Microglia-specific differentially methylated region (DMR) in FANS 
sorted nuclei from human prefrontal cortex. 
This DMR, spanning three CpG sites and located upstream the microglia marker 
TMEM119 gene (P <1E-07), was found consistently hypomethylated in the glial fraction 
(orange line) compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-
enriched fractions. The solid line is for illustration purposes and not indicative that the 
CpG sites between sites are also methylated. 
 

 

Colony-stimulating factor 1 receptor (CSF1R) is a receptor tyrosine kinase 

required for the development, maintenance, and proliferation of microglia 

(Easley-Neal et al., 2019). Microglia arise very early in mouse embryonic 

development and its survival depend upon CSF1R signaling (Ginhoux et al., 

2010, Jin et al., 2017, Elmore et al., 2014). Compromised Csf1r transcription has 

been associated with lack of brain microglia in mice (Rojo et al., 2019) which was 

similarly observed in Csf1r−/− rat brains (Pridans et al., 2018). Furthermore, 

previous work showed that injection of a blocking antibody against Csf1r at the 

developmental stage depletes yolk sac macrophages, which are precursors to 

CNS microglia, and leads to a near complete loss of microglia in the developing 

mouse brain (Squarzoni et al., 2014). While much has been learned about the 

role of CSF1R in the regulation CNS microglial development, the localization and 

developmental roles of this receptor and its ligands in the brain remain poorly 

understood (Nandi et al., 2012). A study in 2012 suggested novel roles for CSF1R 

in the regulation of corticogenesis (Easley-Neal et al., 2019). Recent work in 
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humans, demonstrated several structural brain anomalies and almost complete 

absence of microglia in individuals with homozygous CSF1R mutations 

suggesting that CSF1R is required for human brain development (Oosterhof et 

al., 2019). Neuroinflammation and microglial activation are significant processes 

in AD pathology (Edison et al., 2008). Recent studies strongly supported the 

potential for inhibition of CSF1R as a target for the treatment of AD and other tau-

mediated neurodegenerative diseases (Mancuso et al., 2019, Sosna et al., 2018). 

 

 

 
 

 
Figure 5.26 Microglia-specific differentially methylated region (DMR) in FANS 
sorted nuclei from human prefrontal cortex. 
This DMR, spanning five CpG sites and located upstream the microglia marker CSF1R 
gene (P <1E-07), was found consistently hypomethylated in the glial fraction (orange 
line) compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-enriched 
fractions. The solid line is for illustration purposes and not indicative that the CpG sites 
between sites are also methylated. 
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Complement components are important effectors of humoral immunity and 

inflammation in peripheral tissues but have not been considered as normally 

present in brain for long time until data suggested their involvement in acute 

responses to lesions that include activation of microglia and astrocytes during the 

removal of debris and the onset of synaptic remodelling (Fagan and Gage, 1990). 

Subsequently, immunocytochemistry and in situ hybridization techniques have 

detected C1qB mRNA in the cortex from AD brains and the increased C1qB 

mRNA was in part associated with microglia (Johnson et al., 1992). It is now 

stably recognized that microglia are a major site of induced complement C1q 

mRNA after brain injury (Dietzschold et al., 1995, Haga et al., 1996). TGF-β1, 

which can have anti-inflammatory actions, was found to decrease complement 

C1qB mRNA in microglia cell lines (Morgan et al., 2000). Several complement 

components including C3 may be produced by glia surrounding plaques in AD 

brain (Stoltzner et al., 2000, Tenner, 2001), as Aβ peptides upregulate C3 

production by microglia in vitro (Haga et al., 1993). Complement can recruit and 

activate microglia around fibrillary Aβ deposits (Eikelenboom and Veerhuis, 1996) 

and mediates, in part, the uptake and clearance of Aβ by the interaction of 

complement with its receptor on the surface of microglia (Fu et al., 2012). 

Furthermore, C3 has been found to be critical in microglia-mediated synaptic 

pruning during development (Stevens et al., 2007). Chronic stress upregulates 

the expression of C3 and its microglial receptors in PFC (Pan et al., 2014, Crider 

et al., 2018). Altogether, these evidence support the hypothesis of complement 

cascade components as marker of activated microglia.  
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Figure 5.27 Microglia-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 
This DMR, spanning four CpG sites and located along the gene body of the microglia marker 
C3 gene (P <1E-07), was found consistently hypomethylated in the glial fraction (orange line) 
compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-enriched fractions.  

 
 

 

Figure 5.28 Microglia-specific differentially methylated region (DMR) in FANS sorted 
nuclei from human prefrontal cortex. 

This DMR, spanning six CpG sites and located upstream of the microglia marker C1QB 
gene (P <1E-07), was found consistently hypomethylated in the glial fraction (orange 
line) compared to neuronal (darkmagenta) and oligodendrocyte (deeppink)-enriched 
fractions.  
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Table 5.5 Oligodendrocyte-specific differentially methylated regions identified in oligodendrocyte-enriched (NeuN-ve/Sox10+ve) 
nuclei samples.

CHR DMR (Hg19) 
N° of 

probes 
Smallest 
P-value 

RefGene Name 
 (UCSC ) 

RefGene Group 
(UCSC) 

CpG Islands Name (UCSC) 
Relation to UCSC CpG 

Island 

Mature Oligodendrocytes 

1 chr1:84409003-84419549 3 3.40E-
10 

TTLL7 Body/ 5'UTR chr1:84464223-84465232 N Shelf 

3 chr3:133464047-133476947 17 1.35E-09 TF 
TSS1500/ TSS200/ 

Body 
chr3:133464949-133465420 N Shore/ S Shore 

4 chr4:17490309-17513646 3 5.38E-08 QDPR Body chr4:17513309-17513981 Island 

4 chr4:115518802-115536913 8 6.98E-09 UGT8 TSS1500/ 5'UTR chr4:115519422-115520932 N Shore 

10 chr10:22824354-22992381 41 4.87E-08 PIP4K2A 3'UTR/ Body   

17 chr17:40119847-40127892 12 5.63E-08 CNP Body/ 3'UTR 
chr17:40119811-40120047 
chr17:40120233-40120471 
chr17:40118605-40119301 

Island 
Island 

S Shore 

18 chr18:72201504-72212692 10 2.64E-08 CNDP1 TSS200/ Body   

22 chr22: 38368323- 38381626 7 2.23E-22 SOX10 Body/ TSS1500 chr22:38379093-38379964 Island/ S Shore 

Oligodendrocyte precursor cell (OPC) 

1 chr1:175332749-175683971 13 3.13E-08 TNR Body/ 5'UTR chr1:175568376-175568808 N Shore 

4 chr4:55104084-55143269 7 9.29E-08 PDGFRA 5'UTR/ Body chr4:55096185-55100331 S Shelf 

9 chr9:139871030-139875200 8 4.87E-08 PTGDS TSS1500/ Body chr9:139872237-139873143 N Shore 

15 chr15:66195869-66547044 18 7.04E-08 MEGF11 
Body / 5'UTR/ 

TSS1500 

chr15:66274583-66274838 
chr15:66332090-66332353 
chr15:66544432-66546134 

N Shelf 
N Shelf 
S Shore 

21 chr21:41552656-41990060 4 9.88E-09  Body chr21:41554618-41554959 N Shore 

Abbreviations: DMR, differentially methylated region; Chr, chromosome ; Hg19,Human Genome version 19; UCSC, University of California, Santa Cruz Human 
Genome Browser; TSS, transcriptional start site; UTR, untranslated region. 
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5.4.3.4 Oligodendrocyte-specific DMRs 

SOX10, a high-mobility-group transcriptional regulator, is considered as the main 

Sox TF regulating oligodendrocyte specification and maturation, with also 

epigenetic functions (Weider et al., 2013, Vogl et al., 2013, Lopez-Anido et al., 

2015). Sox10 is required for myelin gene expression (Stolt et al., 2002). In the 

CNS, Sox10 expression is elevated during differentiation of glial precursor cells 

into OPCs, and remains persistent throughout oligodendrocyte differentiation and 

maturation (Stolt et al., 2002). A recent study has demonstrated that 

overexpression of SOX10 is sufficient to generate from human pluripotent stem 

cells (hPSCs) oligodendrocytes resembling primary human oligodendrocytes at 

the transcriptome level and which can myelinate neurons in vivo (Garcia-Leon et 

al., 2018). In line with an earlier study, in which overexpression of SOX10 alone 

was found to be sufficient to induce oligodendroglial commitment in neural 

progenitors derived from the human fetal brain (Wang et al., 2014), a later study 

showed that SOX10 was the only TF inducing expression of O4+ (a highly 

specific marker of late-stage OPCs) in iPSC-derived neural progenitors, 

demonstrating that SOX10 is a key TF to induce oligodendroglial lineage 

commitment. However, combination of SOX10 with OLIG2 and NKX6.2 further 

enhanced the commitment into the oligodendroglial lineage, resulting in a 

significantly higher percentage of O4+ cells having a global gene-expression 

profile comparable to primary human OL (Ehrlich et al., 2017). Additionally, it has 

been shown that mouse fibroblasts can be directly converted into OPC by the 

forced expression of SOX10 in combination with other oligodendroglial lineage 

markers (Yang et al., 2013, Najm et al., 2013). 
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Figure 5.29 Oligodendrocyte-specific differentially methylated region (DMR) in 
FANS sorted nuclei from human prefrontal cortex. 
This DMR, spanning seven CpG sites and distributed predominately along the gene body 
of the oligodendrocytic marker SOX10 gene (P<1E-05), was found consistently 
hypomethylated in the oligo fraction (deep pink line) compared to neuronal 
(darkmagenta) and glial (orange)-enriched fractions. The solid line is for illustration 
purposes and not indicative that the CpG sites between sites are also methylated 
 
 

UDP glycosyltransferase 8 (UGT8) gene encodes cerebroside synthetase, a 

key enzyme involved in the synthesis of myelin constituents (Bosio et al., 1996). 

Highly expressed in brain oligodendrocytes (Yang et al., 2019) and linked to 

oligodendrocyte differentiation in previous reports (Baumann and Pham-Dinh, 

2001, Dugas et al., 2006), UGT8 was reported as one of the five top-scoring 

candidate biomarkers for low mood in a study investigating blood biomarkers for 

mood disorders using convergent functional genomics (Le-Niculescu et al., 

2009). UGT8 expression was found significantly decreased in patients with MDD 

indicating that MDD may share common oligodendroglial abnormalities with SCZ 

and BPD (Aston et al., 2005). Similarly, significant decrease in expression for 

UGT8 was detected in the prefrontal cortex (BA46) of schizophrenic subjects 

providing further evidence for disruption of sphingolipid metabolism in SCZ 

(Narayan et al., 2009). Furthermore, transcriptomic analysis of brain tissue 

isolated from mice with a genetic ablation of the key oligodendrocyte-associated 

myelin gene UGT8, recapitulated dysregulation in gene pathways related to 

myelination already seen in human AD brains (McKenzie et al., 2017) supporting 
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previous findings suggesting that AD may be associated with dysmyelination and 

a breakdown of oligodendrocyte-axon communication (Braak and Del Tredici, 

2015, Zhang et al., 2013a). 

 
 

 
 
Figure 5.30 Oligodendrocyte-specific differentially methylated region (DMR) in 
FANS sorted nuclei from human prefrontal cortex. 
This DMR, spanning eight CpG sites and located along the gene body of the 
oligodendrocytic marker UGT8 gene (P<9E-08), was found consistently hypomethylated 
in the oligo fraction (deep pink line) compared to neuronal (darkmagenta) and glial 
(orange)-enriched fractions. The solid line is for illustration purposes and not indicative 
that the CpG sites between sites are also methylated 

 

The oligodendrocyte marker 2', 3'-cyclic nucleotide phosphodiesterase (CNP) 

encodes for a structural protein of the myelin sheath (Janova et al., 2018). Recent 

data reported alterations of oligodendrocytes after experimental cerebral 

ischemic stroke in mice (Mages et al., 2019) where the absence of CNP was 

found to be associated with impaired cellular transport in the axonal compartment 

(Mages et al., 2019). CNP has been also suggested to promote microtubule 

assembly and to be firmly associated with tubulins, indicating it is functionally 

linked to the cytoskeleton (Bifulco et al., 2002, Esposito et al., 2008). Mice with 

genetic ablations of Cnp mimicked aspects of myelin and mitochondrial gene 

expression dysregulation seen in brain samples from patients with AD (McKenzie 

et al., 2017). Interestingly, in humans and mice, reduced expression of the 
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structural myelin protein CNP was associated with catatonic signs in SCZ 

cohorts, pointing to the involvement of myelin-producing oligodendrocytes in this 

“psychomotor” syndrome frequently observed across neuropsychiatric diseases 

(Janova et al., 2018). 

 

 

 
 

Figure 5.31 Oligodendrocyte-specific differentially methylated region (DMR) in 
FANS sorted nuclei from human prefrontal cortex. 
This DMR, spanning 12 CpG sites and localised along the gene body of the 
oligodendrocytic marker CNP gene (P <9E-08), was found consistently hypomethylated 
in the oligo fraction (deep pink line) compared to neuronal (darkmagenta) and glial 
(orange)-enriched fractions. The solid line is for illustration purposes and not indicative 
that the CpG sites between sites are also methylated. 
 
 

Iron plays many important roles in the brain, including involvement in myelination, 

neurotransmission and electron transfer in the respiratory chain and its 

transporter Transferrin (Tf), although mainly biosynthesized in the liver, can also 

be biosynthesized in the brain by oligodendrocytes predominantly (de Arriba 

Zerpa et al., 2000, Murakami et al., 2019). The brain-type Tf produced by 

oligodendrocytes reside in the cytosol and is not secreted (de Arriba Zerpa et al., 

2000). The main function of oligodendrocytes is to produce myelin; on the other 

hand, oligodendrocytes require iron for myelination and store large amounts of 

ferritin-bound iron maintaining the iron homeostasis in the CNS (Koeppen, 1995). 

First experimental evidence indicating that TF gene expression correlates with 
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the postnatal development of oligodendrocytes in the mouse CNS dates back to 

the late 80’s when the transient expression of Tf in oligodendrocytes which 

become MBP+, suggested a role for Tf in the early stages of myelinogenesis 

(Espinosa de los Monteros and de Vellis, 1988) later confirmed by an 

independent study reporting correlation of Tf expression with postnatal 

development of oligodendrocytes in the mouse CNS (Cassia et al., 1997). More 

recently, a strong body of evidence proposed Tf, together with thyroid hormones, 

as factors capable of favoring myelination due to the positive effects on 

oligodendroglial cell differentiation (Marziali et al., 2015, Marziali et al., 2016) and 

re-myelination in in vitro assays (Rosato-Siri et al., 2021). The first notion of a 

combined effect of apotransferrin and thyroid hormones emerged from 

experiments conducted in young hyperthyroid animals, which showed a seven-

fold increase in the expression of Tf mRNA and precocious myelination when 

compared with control animals (Marziali et al., 2015). Altogether these findings 

provide a strong foundation to the assumption that TF could be a robust 

oligodendrocytic marker in the CNS. 

 

 

Figure 5.32 Oligodendrocyte-specific differentially methylated region (DMR) in 
FANS sorted nuclei from human prefrontal cortex. 
This DMR, spanning 17 CpG sites and of distributed across the gene body the 
oligodendrocytic marker TF gene (P <9E-08), was found consistently hypomethylated in 
the oligo fraction (deep pink line) compared to neuronal (darkmagenta) and glial 
(orange)-enriched fractions. The solid line is for illustration purposes and not indicative 
that the CpG sites between sites are also methylated. 



 

368 
 

To summarize, the vast majority of genomic regions within genes that were 

known or predicted to be neuronal (e.g. RBFOX3, ENO2, UCHL1) 

oligodendrocytic (e.g. SOX10, MBP,OLIG2) or glial-related (e.g. SOX9, GFAP, 

TMEM119) confirmed the fractions identity based on their EPIC array DNA 

methylation profiles (hypomethylated hence presumably highly expressed in the 

cell type of election). Moreover, for the larger part of regions identified, 

consistency in the direction of DNA methylation levels was observed across the 

CpG sites constituting each ct-DMR. However, a substantial minority of known 

cell-type–specific genes displayed no obvious methylation preference or even 

showed methylation levels opposite to the expected.  

 

 

 

5.4.4 Cell type specific DMPs in the human PFC feature in keybiological 
pathways 

 
A pathway analysis was performed using the genes annotated to DMPs enriched 

for distinct brain cell types and that reached the EPIC significance threshold (P < 

9.0E-08). This stringent P value threshold was chosen to limit the number of 

associated genes included in the analysis in the attempt to prevent the 

identification of false positive pathways (refer to Appendix G - Chapter 5, 

Supplementary material for full details, only GO terms with FDR corrected P 

<9E-08 are reported. N<500 for neuronal-enriched pathways, N<200 for 

oligodendrocytes and other glia-enriched pathways). Relevant pathways of 

interest included ‘Neuron differentiation’, ‘synaptic signalling’ and ‘neuron 

projection development’, all  of which were enriched for neuronal specific DMPs 

(GO:0030182, FDR= 3.88E-21; GO:0099536, FDR = 2.52E-18; GO:0031175, 

FDR=1.77E-17). Whereas, ‘positive regulation of developmental process’, 

‘axongenesis’ and ‘axon guidance’ (GO:0051094, FDR= 4.06E-14; GO:0030424, 

FDR=3.81E-10; GO:0007411, FDR= 2.47E-06) were significant pathways 

enriched for oligodendrocyte-specific DMPs. In the double negative nuclei 

fraction (other glia cells), biological processes such as ‘immune response’, 

‘regulation of cell communication’ and ‘regulated exocytosis’ (GO:0006955, 

FDR=7.57E-28; GO:0010646, FDR=6.72E-21; GO:0045055, FDR=1.85E-13) 

were the most represented in line with the biological roles played by microglia 

and astrocyte in the brain. 



 

369 
 

In order to summarise and facilitate the interpretation of the pathway analysis 

results, each cell type specific GO terms list was submitted separately to the web 

server Revigo (see Methods for details) which by using a simple clustering 

algorithm allowed to 1) investigate the relationship and interdependency among 

significant pathways within each cell type, 2) remove redundant GO terms and 3) 

find a representative subset of the terms. Figure 5.33, Figure 5.34 and Figure 

5.35 report the output figures (network plots) generated by the web tool for 

neuronal, oligodendrocyte and other glia specific biological pathways 

respectively. Once again, the results aligned with the known functions of the 

predicted cell type further confirming the cellular identity of each sorted fraction. 

While ‘signalling’, ‘cell communication’ and ‘neurogenesis’ were the most 

representative GO terms in the neuronal nuclei population, ‘regulation of 

signalling’ and ‘developmental processes’ distinguished the oligodendrocyte 

fraction. ‘Regulation of response to stimulus’, ‘immune response’ and ‘cell 

activation’ were instead the cluster representatives for the other glial cells (nuclei 

fraction which is presumed to be primarily constituted of astrocyte and microglia).  
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Figure 5.33 Pathways enrichment in neuronal-enriched nuclei fractions. 
Significant biological pathways (P≤9.E-08) from GO enrichment analysis were selected 
and uploaded into the REVIGO algorithm (http://revigo.irb.hr/) in order to identify network 
of pathways, their representation levels (recurrence) and their relation to one another. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. The initial placement of the nodes is determined by a ‘force-
directed’ layout algorithm that aims to keep the more similar nodes closer together.  
 
 
 
 
 
 
 
 
 

http://revigo.irb.hr/
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Figure 5.34 Pathway analysis results oligodendrocyte-enriched nuclei fractions. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. The initial placement of the nodes is determined by a ‘force-
directed’ layout algorithm that aims to keep the more similar nodes closer together.  
Interactive plot obtained using the REVIGO algorithm (http://revigo.irb.hr/ ) 
 
 
 
 
 
 
 
 

http://revigo.irb.hr/
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Figure 5.35 Pathway analysis results for other glia-enriched nuclei fractions. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. The initial placement of the nodes is determined by a ‘force-
directed’ layout algorithm that aims to keep the more similar nodes closer together.  
Interactive plot obtained using the REVIGO algorithm (http://revigo.irb.hr/ ) 
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5.4.5 Cell-type specific differences in DNA methylation are seen across 
genomic features 

Next, using a Fisher’s exact test, the genomic location of the most significant ct-

DMPs (P < 5 x 10-8) was compared to all nominally-significant DMPs (P < 0.05), 

in relation to genomic features that have been described by Illumina gene 

annotations (Homo sapiens UCSC hg19 and Hg38). Across all three cell types, 

most of the ct-DMPs significantly associated with cell type (t-test P<9E-08) were 

located at gene body  (OR >1.38) and 3’ UTR regions  (OR> 1.12) as well as 

CpG shores (~2Kb from the CGI) and  CpG shelves (~4Kb from the CGI) (OR> 

1.50) while only very few were located at  the 1st exon (OR≤ 0.57), TSS200 (OR≤ 

0.57) or CpG Island (OR≤ 0.30). Also, intergenic regions were enriched in both 

neuronal- and oligodendrocyte- specific DMPs  (OR= 1.23 and OR=1.17 

respectively) but not in other glia-specific DMPs (refer to Table 5.6 and Figure 

5.36 and Figure 5.37 for full details). 
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Genomic Feature  Neuro DMPs Oligo DMPs    Other Glia DMPs 

1st Exon 
OR 0.45 0.37 0.57 

P-value 0 3.82E-276 1.39E-59 

3' UTR 
OR 1.31 1.17 1.12 

P-value 3.85E-51 4.13E-11 4.83E-04 

5' UTR 
OR 1.01 1.11 1.11 

P-value 0.267 3.99E-14 5.29E-09 

Gene Body 
OR 1.48 1.74 1.38 

P-value 0 0 4.66E-162 

ExonBnd 
OR 0.89 0.97 0.88 

P-value 0.003 0.547 0.058 

Intergenic 
regions 

OR 1.23 1.17 0.99 
P-value 1.49E-225 2.26E-91 0.38 

TSS1500 
OR 0.87 0.66 0.80 

P-value 4.47E-49 5.58E-232 4.40E-43 

TSS200 
OR 0.43 0.35 0.55 

P-value 0 0 1.10E-157 

CpG Island 
OR 0.27 0.24 0.30 

P-value 0 0 0 

N-shelf 
OR 1.63 1.90 1.56 

P-value 5.92E-205 3.02E-203 2.07E-57 

N-shore 
OR 1.70 1.59 1.53 

P-value 0 2.21E-202 4.20E-105 

S-shelf 
OR 1.64 1.89 1.51 

P-value 5.75E-209 1.15E-198 9.72E-49 

S-shore 
OR 1.68 1.55 1.68 

P-value 0 4.77E-172 1.97E-153 

Table 5.6 Fisher’s Exact test results for cell-type specific DMPs enrichment in genomic 
features.  
The Illumina EPIC manifest was used to annotate individual ct-DMPs and a P-value≤ 9E-08 
was chosen as threshold to identify DMPs strongly associated with cell type relative to all 
tested probes. P-value is reported as 0 for those features  where the P-value is extremely 
small. When odds ratio (OR) is 1 there is no association between the ct-DMPs and the 
genomic feature. If OR < 1 the genomic feature is under-represented, if OR >1  is over-
represented. Comparison of the OR reveals that 1st Exon and CpG islands are under-
represented across all cell types while gene body and non-CGIgenomic features are equally 
over-represented across all three cell types.  

 



 

375 
 

 

 
Figure 5.36 Barplot showing the distribution of significant DMPs (P<9E-08) compared to the background (all DMPs, significant and not) 
across CGI features while comparing the three cell types using a Fisher’ Exact test. 
An enrichment can be observed in non-CGI genomic features when compared to the background across all three cell types A) NeuN+ve/Sox10+ve 
(neuronal enriched nuclei), B) NeuN-ve/Sox10+ve oligodendrocytes enriched nuclei and C) NeuN-ve/Sox10-ve (other glia enriched nuclei). CGI, CpG-
island, DNAm, DNA methylation. 
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Figure 5.37 Barplot showing the distribution of significant DMPs (P<9E-08) compared to the background (all DMPs, significant and not) 
across non CGI genomic features while comparing the three cell types using a Fisher’ Exact test. 
An enrichment can be observed at gene body when compared to the background across all three cell types (A-C), while Intergenic regions are more 
represented in the NeuN+ve/Sox10+ve (A) and NeuN-ve/Sox10+ve populations (B) only. A) NeuN+ve/Sox10+ve (neuronal enriched nuclei), B) NeuN-
ve/Sox10+ve oligodendrocytes enriched nuclei and C) NeuN-ve/Sox10-ve (other glia enriched nuclei). CGI, CpG-island, DNAm, DNA methylation.
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The distribution of the genomic annotations was also investigated in relation to 

ct-DMRs using the Chipseeker package which annotates the location of each 

given DMR in terms of genomic features. Figure 5.38 displays the distribution of 

ct-DMRs across genomic features. Results showed how ct-DMRsare 

predominately distributed in close promixity of promoter regions (≤ 1Kb) more so 

for the double negative population (microglia and astrocytes predominantly) 

(51.99%)   followed by i) ‘distal intergenic regions’ which was slightly more 

represented in neuronal specific DMRs (12.96% NeuN+ve/Sox10+ve vs 9.87% 

NeuN-ve/Sox10+ve) and ii) ‘other introns’ sligthly more represented in the 

oligodendrocyte-specific DMRs (14.3% NeuN-ve/Sox10+ve vs 12.35% 

NeuN+ve/Sox10+ve and 11.26% NeuN-ve/Sox10-ve).  
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Figure 5.38 Distribution of ct-DMRs across genomic features.   
The ‘TxDb.Hsapiens.UCSC.hg38.knownGene’ package (made from resources at UCSC and based on the hg38 genome based on the knownGene table) 
was used to annotate the ct-DMRs. Hence genomic features differs from those investigated for ct-DMPs enrichment. The ct-DMRs distribution across 
the genome were examined and the majority of the features were identified within the promoter region (≤ 1Kb) across all three cell types, consistent with 
the regulatory role of DNA methylation in cell-type specific gene regulation. DMR, differentially methylated regions; Kb. Kilobase.
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5.5 Discussion 

This data chapter is the product of the direct application of the improved FANS 

protocol profusely described in Chapter 4 of this thesis proving its utility and 

efficacy for studies in cryopreserved bulk brain.  

Post-mortem human prefrontal cortex specimens (N=12) were processed by 

fluorescence-assisted isolation of immunolabelled nuclei using a combined 

staining of NeuN-(RBFOX3-) and SOX10-specific antibodies to profile DNA 

methylation in purified neuronal, oligodendrocyte and other glial nuclei 

populations. NeuN has been considered a reliable marker of mature neurons for 

the past two decades despite the presence of distinct neuronal cell-types (such 

as cerebellar Purkinje cells, olfactory bulb mitral cells and retinal photoreceptor 

cells) which do not express NeuN and it has been extensively used for FANS 

applications in more recent years (Price et al., 2019, Yu et al., 2015b, Tansey 

and Hill, 2018, Kozlenkov et al., 2017, Gasparoni et al., 2018). SOX10 was 

reported in a recent study investigating the link between child abuse and suicide 

where it was employed to successfully enable the isolation of mature 

oligodendrocytes by FANS (Lutz et al., 2017b). The implementation of this 

method provided accurate separation of multiple neural cell types, allowing us to 

capture additional molecular features.  

Recent data have highlighted the complex interplay between disease, age and 

cell-type-specific methylation levels (Gasparoni et al., 2018, Kozlenkov et al., 

2014, Montano et al., 2013, Lutz et al., 2017b), reinforcing the relevance of this 

approach in offering new perspectives for the validation and interpretation of large 

EWAS results. A conventional whole tissue-based screen of unsorted cortical 

tissue comes with a low detection power and consequently a minimal number of 

epigenetic markers which mostly do not overlap with other large EWAS studies. 

Furthermore, diametric methylation changes in the major cell-types of the brain 

could not be detected in bulk brain tissue screens but rather were interpreted as 

changes in cell proportions. Hence confounding results due to cellular 

heterogeneity represents one of the foremost challenges EWASs are currently 

facing. Statistical methods leveraging the tissue-specificity of DNA methylation 

for the deconvolution of the cellular mixture in heterogeneous biospecimens offer 

a promising solution (Zeng et al., 2019, Koestler et al., 2016, Guintivano et al., 
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2013), however the performance of such methods is variable and their accuracy 

is an ongoing debate (Titus et al., 2017). 

This systematic cell-type-specific DNA methylation profiling on a pilot cohort of 

human post-mortem brain samples across three cell types has proved that cell 

sorting strongly enhances the detection of DNA methylation markers and allows 

a deep insight into cell-type-specific dynamics. In line with recently published data 

(Guintivano et al., 2013, Kozlenkov et al., 2014, Gasparoni et al., 2018, Lutz et 

al., 2017b) thousands of robust methylation differences were found between the 

neuronal, oligodendrocytic and glial fractions. Furthermore, the sets of neuron-

specific and non–neuron-specific genes derived from differential methylation data 

showed excellent agreement with the available direct measurements of gene 

expression in human and mouse (Lutz et al., 2017b, Kozlenkov et al., 2014, 

Krishnaswami et al., 2016, Ruzicka B.W. et al., 2020), suggesting that differential 

methylation is a robust predictor of cell-type–specific gene expression. These 

findings are expected to be important in guiding future research aiming to 

investigate the role of DNA methylation in shaping specific cellular identities. 

 

5.5.1 Samples quality control 

Sample quality control was an essential step of the data pre-processing. It 

allowed to verify the performance of the nuclei sorting procedure confirming the 

sorting purity as well as revealing technical issues or the significant inter-

individual variability in terms of abundancy/scarcity of cell types which otherwise 

could be interpreted as failure of the experimental set up. Not surprisingly, some 

differences were detected across tested variables and DNA methylation between 

female and male samples (e.g. miAge) which is in line with the body of evidence 

suggesting variability associated with sex (Grimm et al., 2019, Iurato et al., 2017, 

Conradt et al., 2019, Davegardh et al., 2019) . 

 

5.5.2 FANS –purified nuclei fractions differ in DNA methylation profiles 

Profiling of DNA methylation at the resolution of individual CpG sites in purified 

cell types enabled the detection of unexplored intra-individual variability inevitably 

overlooked when using bulk tissue. However, the accuracy of the screening 

remains limited to the probe coverage offered the by the pre-customised EPIC 

array which might explain the discordance between cell type marker genes and 
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DNA methylation status observed at given DMPs (see results section 5.4.2) . The 

profiling at CpG sites level across the purified fractions, also revealed similarities 

in DNA methylation patterns between cell types which offered insights to 

speculate about the function and role played simultaneously by different cell 

populations. Furthermore, the inclusion of the unsorted nuclei (“total” fraction) in 

the comparison for every specimen included in the analysis operated as proof of 

concept by a) confirming that changes occurring in individual cell type are likely 

to be masked in bulk tissue analysis b) providing evidence for cell type differential 

abundance across individuals (in those brain specimens where the total nuclei 

population was composed of neuronal cells predominately or lacked of the double 

negative fraction, the unsorted fraction showed a DNA methylation profile similar 

to the most represented cell type in that given sample). In regard to the analysis 

of the ct-DMRs, some of the genes explored showed no consistent pattern of 

differential methylation across the gene locus, suggesting that cell-specific gene 

expression of these markers might be determined by a combination of regulatory 

elements localized beyond the profiled genomic region. Additionally, the limited 

distribution of probes provided by the EPIC array might, once again, have played 

a role in this apparent lack of consistency observed in the regional analysis 

results. 

 

5.5.3 Cell type specific DMPs in the human PFC feature in key 
biological pathways 

The pathway analysis performed in each cell type separately revealed some 

degree of overlap in highly significant biological functions/ GO terms recurring in 

more than one cell type. This should not be surprising since, as previously 

discussed, even those cell populations identified through antibody immuno-

tagging are likely to be heterogeneous and comprehensive of various cell 

subtypes and minor contamination from other purified nuclei fractions cannot be 

excluded. Furthermore, it is well documented the functional redundancy of 

different cell types in the brain which often complement each other in executing 

complex regulatory functions during CNS development as well as neuropathology 

of a diverse array of disorders (Hammond et al., 2018, Kessaris et al., 2006, 

Solga et al., 2015). 
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5.5.4 Modest enrichment of cell type-specific differences in DNA 
methylation is seen across gene features 

The gene features distribution analysis revealed the absence of remarkable cell 

type-specific differences rather, an enrichment of similar extent was detected for 

some gene features (e.g. gene body and non-CGI features) across all three cell 

types investigated. Similarly, a prevalence of ct-DMRs in promoter regions was 

measured in each of the three fractions profiled (see Results section 5.4.5). This 

should not surprise since epigenetic changes at promoter regions are known to 

be regulatory in nature and therefore not expected to be different across cell types 

rather, different genes are likely to be epigenetically regulated in a similar manner 

in different cell types according to their biological function. 

 

5.5.5 Study caveats  

There are several limitations that comes with this work. Firstly, the modest 

number of samples processed and considered in the analysis which causes this 

study to be underpowered for the detection of subtle DNA methylation differences 

(<5%) between cell types. Secondly, only two nuclear markers, specific for 

neurons and oligodendrocytes, were adopted for the cell sorting, hence the actual 

cellular composition of the double negative fraction cannot be ruled out. Even 

within the immunolabelled populations, heterogeneity due to diverse cell 

subtypes cannot be excluded as well as minor contamination of other cell types 

within the purified fractions. Third, only one epigenetic marker, DNA methylation, 

has been the focus of this pilot study although it is well known the interplay 

between different epigenetic modifications which could ultimately counteract the 

effect of DNA methylation on gene expression. Additionally, classic bisulfite 

conversion chemistry that is known to be masked for 5mC and 5hmC was used 

to enable the quantification of DNA methylation across the genome. 5hmC has 

been shown to be enriched in the brain, particularly in synaptic genes (Khare et 

al., 2012) suggesting its preferential impact on the neuronal component of the 

brain. 5hmC is found at different levels across different brain regions (Lunnon et 

al., 2016), and is altered during brain development (Spiers et al., 2017). Recent 

studies have also demonstrated that 5hmC and 5mC have opposing effects on 

gene expression (Sherwani and Khan, 2015). The classic bisulfite chemistry 

converts unmodified cytosines to uracil whilst both 5mC (DNA methylation) and 

5hmC (DNA hydroxymethylation) are protected from the conversion.  
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This approach cannot differentiate between DNA methylation and 

hydroxymethylation (Kernaleguen et al., 2018) and given the relatively high 

abundance of 5hmC in the brain this may represent a major confounder in DNA 

methylation analyses. Oxidative bisulfite treatment is one effective method 

enabling the quantitative mapping of 5mC in the absence of confounding by 

5hmC in genomic DNA at single-nucleotide resolution (Slynko and Benner, 

2019). Aside from that, post-mortem specimen obtained from two distinct brain 

collection (BDR and KCL) were included in the study and individuals were not 

matched for age and sex which inevitably introduced unwanted variability into the 

dataset. However, I did control for these confounding factors during the QC 

analyses and they did not seem to significantly impact the results. Studies have 

shown that cell-type-specific DMPs can emerge or vanish over a lifetime 

(Gasparoni et al., 2018) suggesting that besides cell composition, age represents 

a complex confounding parameter in tissues-based EWAS. Such phenomena 

require strong attention particularly when using cell-type-specific data as 

references for calculation of cell-type proportions and adjustments. As highlighted 

elsewhere, this procedure could be problematic if the reference and samples 

have a different age distribution since the tool could potentially select 

discriminative markers that have diverse aging dynamics (Gasparoni et al., 

2018).  

 

5.5.6 Future directions 

Future work should aim to apply this same pipeline on a much wider cohort of 

post-mortem brain samples in order to burst the power of detection. Ideally, 

comparing matched cohorts of psychiatric cases and controls would provide 

valuable insights into the molecular changes characterising the brain in health 

and disease. By adopting this same experimental protocol, ongoing work in my 

group aims to profile genomic variation across multiple epigenetic signatures 

(DNA methylation, DNA hydroxymethylation, chromatin accessibility) in a broad 

cohort (N>100) of SCZ samples and healthy controls sourced from multiple US 

and UK brain collections. Additional sorting of neuronal fractions into 

subpopulations such as dopaminergic, glutamatergic and GABAergic neurons or 

glial subtypes (astrocytes and microglia) could further enhance the sensitivity of 

such screens. Indeed combined FACS separation with NeuN and Sox6 
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antibodies has been shown to effectively separate glutamatergic and GABAergic 

neurons from mice brains and allowed to identify additional neuronal epigenetic 

differences (Kozlenkov et al., 2016). However, to date, no other studies have 

replicated these findings in mice and Sox6 has not been validated for post-

mortem human tissues probes. An alternative approach is to dissect the nature 

of heterogeneity by single nuclei analyses (Welch et al., 2019, Del-Aguila et al., 

2019, Gaublomme et al., 2019) as well as RNA imaging using fluorescent in situ 

hybridization (RNA-FISH) which can provide quantitative information on mRNA 

abundance and localization at both the single cell and subcellular levels (Soler et 

al., 2017, Nguyen et al., 2016, Arrigucci et al., 2017). Such promising approaches 

are still not in a robust state for large-scale comparative studies on challenging 

post-mortem material. However, the speed at which the field is growing and 

gaining attention suggests rapid improvements of these platforms will be possible 

in a very near future. 

 

 

5.6 Conclusion 

The work described in this chapter demonstrates that it is possible to maximise 

the amount of data obtained from valuable specimens that have often undergone 

long and complex handling procedures and the tissue quality of each is therefore 

often compromised. Substantial differences in DNA methylation were detected at 

both genome-wide level and in cell-type specific markers proving the need for cell 

separation in methylomic screens of disease tissue. Here I showed that cell 

sorting strongly enhances the robust detection of cell type-related DNA 

methylation differences even in a relatively small cohort. Numerous genes with 

cell-type-specific methylation signatures and documenting differential 

methylation dynamics associated with cellular phenotype were identified. A 

comparison of FANS-based EWAS studies with previous tissue-based EWAS 

could help validating disease associated DNA methylation signals and 

additionally specifies their cell type origin. Even a relatively small cohort has the 

potential to allow the identification of novel differences in DNA methylation 

between cases and controls and assign known disease-associated epigenetic 

signals to specific cell populations. Deciphering the epigenome in normal cell 

types is essential to improve our understanding of the epigenetic basis of human 
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brain functioning. In comparison to their diseased counterparts, cells in 

physiological state contribute to our understanding of the mechanisms involved 

during disease development, and can reveal the particular cell type/s driving 

psychiatric and/or brain-related diseases which are still often unknown. A deep 

understanding of the heterogeneity present in the human CNS in both health and 

disease is key to enhance the development of therapeutic approaches for 

psychiatric diseases.  The data and findings presented in this thesis are expected 

to serve as valuable resource for further study of cell-type–specific epigenetic 

marks and to enable new discoveries about the role of brain epigenetics in health 

and disease opening new promising avenues for basic and clinical research into 

mental illness. Lastly, sorting for major cell-types could enable systematic EWAS 

with the need of less samples compared to common tissue-based screens 

reducing time, costs and manual labour. This pilot study highlights cell-type 

composition as one of the major confounding factors in complex tissue analyses 

and strongly recommends to conduct EWAS on sorted cell types. 
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Chapter 6 - Differential microRNA expression in the 

prefrontal cortex of suicide completers 
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6.1 Introduction 

 
Mental disorders such as schizophrenia (SCZ) and major depressive disorder 

(MDD) are associated with a reduced life expectancy and constitute a major risk 

factor for suicide, a leading cause of mortality among young people in developed 

countries. The risk for suicidal acts is multifactorial, including a range of biological, 

psychiatric, psychosocial and cultural risk factors (Murphy et al., 2017). Despite 

the associated costs and burden for the public health, the aetiology of mental 

health disorders leading to suicide as well as the molecular pathology of 

suicidality itself remain poorly understood. The increasing understanding about 

the complexity of the genome has led to recognise the crucial role for epigenetic 

variation in human health and disease (Consortium, 2012). By acting through 

heritable, but potentially reversible changes, epigenetic processes have shown 

to mediate associations between genetic risk burden, environmental risk 

exposure and phenotype (Siegmund et al., 2007, Viana et al., 2017). 

Genes can be regulated at the transcriptional and post-transcriptional level 

through the activity of many non-coding RNA (ncRNA) transcripts that act to fine-

tune gene expression patterns (Esteller, 2011). Small ncRNAs, among which the 

best characterised are miRNAs, regulate the transcription of mRNAs and 

participate in alternative splicing and epigenetic modifications such as chromatin 

remodelling and RNA editing (Mehler and Mattick, 2007, Taft et al., 2010). These 

regulatory functions can target either neighbouring transcripts (‘cis’) or loci that 

are distant from their own transcription site (‘trans’). Collectively, ncRNAs 

constitute a unique layer of gene regulation where they function as key 

intermediate regulators in conveying the message from genotype to phenotype 

states (Sumazin et al., 2011). 

Since several of their biological functions have been revealed, another class of 

epigenetic modifiers, long noncoding RNAs (lncRNAs), has been gaining 

attention in the study of psychiatric disorders (Kocerha et al., 2015). LncRNAs 

participate in chromatin modifications (Bohmdorfer and Wierzbicki, 2015, Han 

and Chang, 2015); act as ‘sponges’ that prevent miRNA functions (Du et al., 

2016); act as scaffolds that provide docking sites for proteins (Guttman and Rinn, 

2012); serve as activators and suppressors of mRNA transcription and act as 

regulators of splicing patterns (Gong and Maquat, 2011). In terms of functions in 

the brain, lncRNAs have been strongly related to brain development (Shi et al., 
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2017) and found to participate in spatiotemporal regulation of proliferation and 

differentiation of pluripotent stem cells (Ng et al., 2012, Belgard et al., 2011). 

High-resolution and high-throughput technologies, such as microarray and RNA-

sequencing, have helped in examining the number and patterns of lncRNA 

expression in the brain. Clustering analysis revealed that lncRNAs have a tissue-

specific expression pattern (Cabili et al., 2011, Derrien et al., 2012). Additionally, 

a study using microarray analysis, investigated differential lncRNA expression in 

the temporal cortex ranging from infancy to adulthood and concluded that the 

expression pattern of lncRNA changes with age (Lipovich et al., 2014). Four 

studies have shown a relationship between SB and changes in lncRNA 

expression levels. Of them, three explored lncRNA expression in the brain (Zhou 

et al., 2018, Punzi et al., 2014, Punzi et al., 2019) suggesting suicide-associated 

altered expression of lncRNA targeting genes functionally related to purinergic 

signalling (Punzi et al., 2019) and interferon signalling (Zhou et al., 2018), the 

latter known for playing a key role in CNS homeostasis and in psychiatric 

disorders (Mostafavi et al., 2014). Thus, by understanding the full spectrum of 

epigenetic modifications across the genome, we can advance our knowledge of 

the molecular pathology of suicidality and ultimately elucidate early biomarkers 

and therapeutic targets of action.  

 

The variety and vast gene-regulatory capacity of miRNAs are particularly 

valuable in the brain, being a very complex organ with functional specialisation of 

diverse neural cells highly adaptable to environmental stimuli. Literature reveals 

that 70% of known miRNAs are expressed in the brain (Fineberg et al., 2009, 

Kadakkuzha et al., 2015) and their expression has been found to be brain region- 

and cell type-specific (Lau et al., 2008, Mercer et al., 2010, Natera-Naranjo et al., 

2010, Ponjavic et al., 2009). By expressing more distinct miRNAs than any other 

tissues (Adlakha and Saini, 2014) and with the increasing variety of miRNAs 

being identified in the brain, a clear connection between the biogenesis, 

dynamics of action and regulatory potential of miRNAs and the complexity of the 

brain becomes apparent (Fineberg et al., 2009). A plethora of evidence suggest 

that the ability of miRNAs to regulate several genes within a pathway or even 

multiple cross-talking pathways has a significant impact on complex regulatory 

networks and ultimately physiological processes and diseases (Wright et al., 

2018, Yoshino and Dwivedi, 2020).  
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Several studies have shown the role of ncRNAs in brain evolution, development, 

homeostasis, stress response, and neuroplasticity and miRNA-mediated, brain 

functional changes are evident in cognition, inflammation, neuroprotection, lipid 

metabolism, mitochondrial function and lifespan (Mercer et al., 2010, Bernard et 

al., 2010, Bond et al., 2009, Ng et al., 2012, Qureshi and Mehler, 2013, Rani et 

al., 2016). Dysregulation of brain-enriched miRNAs contributes to accelerated 

cognitive decline and increased neurological disorders (Danka Mohammed et al., 

2017). The importance of miRNA in brain development and neuroplasticity has 

been well-established (Xin et al., 2017, Nowakowski et al., 2018, Ma et al., 2019, 

Gizak et al., 2020). Abnormal expression and dysfunction of miRNAs are known 

to be involved in neurodegenerative phenotype of AD, PD and ALS (Ferrante and 

Conti, 2017, Kocerha et al., 2015, Sartor et al., 2012) as well as in the 

pathophysiology of many neuropsychiatric diseases including SCZ, MDD, and 

BPD (Cao and Zhen, 2018, Salta and De Strooper, 2012, Briggs et al., 2015, 

Qureshi and Mehler, 2013).  

More recently, the role of miRNAs in suicidality has been postulated (Punzi et al., 

2019, Wang et al., 2018a, Cui et al., 2017) suggesting the potential of studying 

miRNAs to better understand molecular processes associated with SB and 

provide valuable information for the development of diagnostic tools and 

successful therapeutic interventions for suicide prevention. Population-based 

studies have explored the expression changes of lncRNA and miRNA among 

psychiatric patients who have history of SI (Belzeaux et al., 2019, Kuang et al., 

2018). Some post-mortem brain studies have also explored suicide-associated 

ncRNAs and interestingly, both lncRNAs and miRNAs were specifically changed 

in psychiatric patients who died by suicide even though the sample size and 

number of these studies are limited (Yoshino and Dwivedi, 2020). Although the 

role of miRNAs remains not well understood in its link to MDD leading to SB 

(Pompili et al., 2013), post-mortem brain studies have provided critical 

information regarding completed suicide, which may help explaining the 

molecular changes happening in the brain under such conditions (Roy et al., 

2020). Using the TaqMan Array miRNA card which profiles 384 miRNAs in one 

assay, miRNA expression levels were examined in BA9 of 18 MDD suicide cases 

and 17 non-psychiatric control subjects (Smalheiser et al., 2012). The authors 

reported a global downregulation of miRNAs in MDD subjects and significant 

downregulation was detected in 21 miRNAs many of which had overlapping 
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mRNAs targets e.g. included ubiquitin ligases, CAMK2G, splicing factor NOVA1, 

and the GABA-A receptor subunit GABRA4. DNMT3b was another protein that 

was found to be targeted and further validated (Smalheiser et al., 2012). DNMT3B 

is a key gene in epigenetic modifications and has been found involved in MDD 

pathophysiology (Higuchi et al., 2011). A different study assessed miRNA 

expression in the synaptosome of BA10 from a cohort of 18 suicide subjects 

across SCZ, MDD, BPD, and control subjects (Smalheiser et al., 2014). Based 

on significance values, miR-152 was found to be strongly associated with suicide 

(Smalheiser et al., 2014). Maussion et al. examined differences in miRNA 

expression levels in BA10 from 38 suicide subjects across SCZ, MDD, BPD, and 

control subjects. miR-185 and miR-491-3p were found to be upregulated in 

suicide subjects compared to control subjects (Maussion et al., 2012). In the 

attempt to assess the regulation of pro-inflammatory cytokine genes in SB, the 

relationship between TNF-α and its regulatory miRNAs was examined in a more 

recent study (Wang et al., 2018a). The authors found an increased expression of 

miR-19a-3p in BA46 of MDD individuals who had died by suicide and suggested 

that miR-19a-3p may be involved in cytokine dysregulation in suicidal individuals. 

Recently, changes in miRNA expression levels were also explored in the locus 

coeruleus (LC) of MDD suicide subjects (Roy et al., 2017b). A total of 10 

upregulated and 3 downregulated miRNAs were detected in these subjects (Roy 

et al., 2017b). Lastly, Maheu et al. examined glial cell line-derived neurotrophic 

factor in MDD suicide subjects and found an isoform-specific decrease in GDNF 

family receptor alpha 1 (GFRA1) mRNA, which was associated with lower 

GFRα1a protein levels in basolateral amygdala. They found upregulation in 

several miRNAs that may target GFRA1 gene one of which was miR-511 (Maheu 

et al., 2015). Under the condition of miR-511 overexpression in NPCs, the 

authours observed that protein expression of GFRα1 was significantly decreased 

and concluded that GFRα1 is regulated by miR-511 and may be associated with 

suicidality (Maheu et al., 2015). Altogether, the results are encouraging and need 

further exploration in order to understand the precise role of miRNA in regulatory 

mechanisms that can be involved in the pathogenesis of suicidality. 

Over the past few years, early life stress (ELS) has been established as a major 

risk factor for MDD and SB along with other psychiatric illnesses in adulthood 

(Syed and Nemeroff, 2017). Indeed, early life is a sensitive time period for brain 

development and childhood environment can have a profound impact on brain 
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structure and function. Epigenetic mechanisms have been shown to play a critical 

role in adaptive and maladaptive processes by regulating gene expression 

without changing the genome (Allen and Dwivedi, 2020). In a broader context, 

stress triggers a host of biological responses including neurochemical cascades 

in HPA axis (Whitnall, 1993) and immune reactions (Fagundes et al., 2013), 

which can subsequently alter neuronal connectivity and signalling (Arnsten, 

2015) as well as brain matter density (Ansell et al., 2012). In resilient adults, 

chronic stress promotes adaptation over time through dendritic remodelling in the 

hippocampus, amygdala, and PFC (McEwen et al., 2015), yet in the case of 

susceptible individuals, these adaptive changes may not be reversible after 

stress is removed (McEwen et al., 2016). In order to execute these changes, the 

environment interacts with gene function through epigenetic modifications 

without directly affecting the genome itself (Burns et al., 2018). These changes 

have all been identified in patients with MDD and suicide completers (see (Roy 

and Dwivedi, 2018, Nestler, 2014) for comprehensive a review). Due to the role 

in neuronal development and brain physiology (Serafini et al., 2012) miRNAs 

have become strong candidates for the study of psychiatric disorders affected by 

ELS (Bai et al., 2012, O'Connor et al., 2013, Kocerha et al., 2015, Roy et al., 

2017a). Several studies have shown changes in miRNA expression in the brain 

of depressed-suicide individuals (Roy et al., 2017a, Smalheiser et al., 2012, 

Lopez et al., 2017). Specifically, miR-497 (Smalheiser et al., 2012), 146b-5p 

(Lopez et al., 2017), and 330-3p (Roy et al., 2017b) have all been reported in 

both depressed-suicide victims and healthy individuals with ELS history (Cattane 

et al., 2019). Further studies will be necessary to concretely link miRNA 

expression changes to both ELS experience and suicide or SI. Figure 6.1 offer a 

schematic overview of one of the postulated mechanisms through which ncRNAs 

might impact on mental illness and related phenotypes. Risk factors for mental 

illnesses include ELS, current or recurrent life events that along with gene-

environment interaction can lead to epigenetic modifications mediated by 

ncRNAs. These modifications give rise to changes at cellular and/or molecular 

levels, which can subsequently alter neural circuitry culminating in 

neuropathology. Phenotypic changes can also arise from circuitry changes that 

can mediate the development of psychiatric illnesses and SB which could be a 

manifestation of psychiatric illnesses or may be independent from them (Yoshino 

and Dwivedi, 2020).
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Figure 6.1 Schematic diagram of the hypothesised ncRNAs’ impact on psychiatric illnesses and suicidality. 
Abbreviations: ncRNA, non-coding RNA. GxE, gene-environment interaction; HPA, hypothalamic-pituitary-adrenal axis Figure taken from review 
(Yoshino and Dwivedi, 2020).
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Although miRNAs have been diversely implicated in suicide, still very few studies 

have taken an unbiased, systematic screen of differential miRNA expression in 

post-mortem brain from suicide completers. With the purpose of further 

investigating the relationship between suicidality and miRNA regulation, I have 

quantified the abundance of >470 human miRNAs in post-mortem PFC tissue 

dissected from a collection of suicide cases and controls  obtained from the 

Douglas Bell-Canada Brain Bank and already extensively characterised for 

genetic and epigenetic (DNAm) variations.  

 

 

 

6.2 Aims  

 

The aims of this chapter were to: 

i) Identify differences in miRNA expression levels between MDD suicide 

cases and non-psychiatric controls using the Taqman Open Array 

platform. 

ii) Perform an integrated omics analysis leveraging upon the availability of 

methylomic data from the same set of brain samples to identify suicide-

associated changes in DNA methylation proximal to miRNA genes which 

are having a functional effect on mRNA expression levels.  
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6.3 Material and Methods 

 

 

6.3.1 Study design and cohort description 

Clinically and neuropathologically well-characterised PFC tissue dissected from 

donors with MDD suicide (n=32) and matched non-psychiatric controls (n=39) 

were collected from two distinct brain regions, BA11 and BA25 obtained from the 

Douglas Bell-Canada Brain Bank (https://douglasbrainbank.ca/) (Table 6.1 

provides details of the cohorts’ demographics). All tissue donations were 

consented to, collected and stored following strict legal and ethical guidelines. 

Total RNA was extracted from the frozen PFC tissue using the miRNeasy Mini 

Qiagen Kit (Qiagen, UK, Cat No 217004). RNA integrity (RIN) was assessed 

using the Agilent Bionanalyzer 2100 and cDNA was prepared from the best-

quality RNA samples (RIN>5) using the TaqMan Advanced miRNA cDNA 

Synthesis Kit (Applied Biosystems, UK). Prior profiling, all cDNA samples 

underwent a preliminary QC to establish the success rate of the reverse 

transcription by performing qPCR to assay the expression signal detection of two 

brain-enriched miRNAs, miR-101-3p and miR-9-5p (Catts et al., 2005, Montijn et 

al., 2016, Llorens et al., 2013) across all samples. Final number of samples 

loaded on the Open Array platform was 69 (MDD-suicide= 32 and CTR= 37; 

BA11= 38; BA25=31). Samples excluded during the QC were samples for which 

insufficient starting material was available at the RNA extraction stage or samples 

with good yield but low RIN values. Samples were profiled using TaqMan™ 

OpenArray Human Advanced MicroRNA Panel (Applied Biosystems, UK) on the 

QuantStudio-12K Flex Real-Time PCR platform as per the manufacturer's 

instructions. Each TaqMan™ OpenArray Panel contains 754 well-characterised 

and functionally validated human miRNA sequences from the Sanger miRBase-

v21.  

 

 

 

 

 

 

https://douglasbrainbank.ca/
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Group ID  CASE CONTROL 

N  17 22 

Brain 
Region 

available 

Both (BA11 & BA25) N=15 N=17 

BA11 only 
 
BA25 only 

N =2 N=4 

N=0 N=1 

Age Mean (SD) 41 (20) 47.1 (20) 

Sex 
M 
 
F 

13 17 

4 5 

pH Mean (SD) 6.5 (0.2) 6.6 (0.4) 

PMI Mean (SD) 23.8 (17.5) 20.3 (15.7) 

Table 6.1 Cohort Demographics.  
Post-mortem tissue and data were available for 71 brain specimens dissected from 39 
individuals. CASE are individuals with diagnosed MDD which died by suicide, CONTROL 
are non-psychiatric individuals died for accidental causes. PMI, post-mortem interval; 
BA, brodmann area; SD, standard deviation. 
 
 
 
 
 

6.3.2 Data Analysis  

miRNA expression values from 69 PFC samples assayed on RT-qPCR 

OpenArray plates were analysed by importing the raw data (from .eds file) in R 

version 3.6 using the publicly available miRoar v0.01 R package (Gorrie-Stone, 

2019). Briefly, the miRoar pipeline uses Crt values - calculated using a 

predetermined internal reference efficiency to identify the fractional cycle at the 

point the reference efficiency reaches a specific value. Non-expressed miRNAs 

–e.g. those which had a Ct value >= 40 or did not amplify (amplification status =`-

1`) – were removed for each individual and miRNAs that were detected in <20 

samples were removed from subsequent analysis. Following these filtering steps, 

the final dataset included a total of 470 miRNAs quantified in 69 samples (32 

suicide cases and 37 controls). Crt values were then converted to relative 

expression values (Crt) using the NormFinder/Global Normalisation method 

which is the manufacturers default approach. The NormFinder method seeks to 

find the most stable miRNA between experimental groups (e.g. different brain 

areas) to find a robust miRNA that can be safely subtracted from the Ct values to 
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yield the relative delta Ct values. The NormFinder algorithm implementation is 

described in the NormqPCR R package (Perkins et al., 2012). The global 

normalisation method subtracts the median Ct value (for each sample) from all 

ubiquitously expressed miRNAs in a given dataset and aims to correct for 

different amounts of starting material of RNA (Mestdagh et al., 2009). The Crts 

thus obtained for each miRNA were then statistically tested for association with 

suicide. ∆Crt values also underwent low-level processing to remove Crt values 

that were >1.5 IQRs away from the upper or lower quantile for each miRNAs to 

remove any obvious outliers (if any). Firstly, the differential expression analysis 

was conducted in each brain region separately using a linear regression model 

with age, sex, pH, PMI and slide as additional covariates. For this analysis the 

model used was as follows: 

 

miR-∆Crt ~ suicide + age +sex + pH + PMI + slide 

 

The effect sizes were correlated highlighting all nominally significant P-values (p 

< 0.05). P-values were adjust using the p.adjust function and were considered 

significant if adj p < 0.05.  Mixed effect linear regression model was also fitted by 

combining the ∆Crt matrices (processed using the pipeline above described) and 

data were analysed using the Cran package lme4. For the Mixed effect analysis 

the adopted model is reported below: 

 

lmer (x ~ diag + age +sex + pH + PMI + (1|region) + (1|sample) + (1|slide) 
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6.4 Results 

 

6.4.1 Expression Data quality control 

First the internal controls that were included on the array were examined. These 

internal controls consisted of three miRNAs (cel-miR-39-3p, ath-miR-159a and 

has-miR-16-5p) which are assayed 16 times per each sample to check for 

contamination, to inspect whether the platform is working correctly and to assess 

for sufficient starting material. After this preliminary check, samples went through 

quality control. The method adopted here for the data QC refers to Crts which is 

based on the Ct method and by using the amplification curve trajectories 

calculates Cts according to the baseline threshold set by the machine itself 

(Applied Biosystems, Application Note). Upon assessing the amplification curves, 

miRNAs were considered as expressed if fulfilling two criteria:1) Crt value < 40 

and 2) Amplification Status = -1. The logic behind these criteria are purely based 

on observational assessment of the raw dataset. Firstly a Crt greater than 40 is 

outside the number of cycles the qPCR machine performs so including any 

numbers beyond that is of dubious interpretation. Additionally, ThermoFisher 

appears to encode various error numbers at Crt values >= 40. Secondly, by 

making the assumption that all miRNAs which have been designed on the 

platform properly amplify, allows to make use of those qPCR reactions that have 

been determined as ‘inconclusive’ but otherwise amplified correctly. 

The number of miRNAs ubiquitously expressed in BA11 and BA25 were 280 and 

292 respectively. When Principal Component Analysis (PCA) on dCrt values was 

performed, the results did not provide many insights and almost all variance was 

found to be explained in PC1 (data not shown). With DNA methylation data it is 

usually extremely clear that tissue and sex drive a significant part of the variation 

and this is demonstrably shown when performing a PCA, however, for the miRNA 

analysis the variation appeared to be driven by sample level variation. As a result 

samples obtained from the same individual did not cluster (like we should expect) 

and additionally, samples from the same brain area also did not cluster. This 

could be due to the fact that only 127 miRs are used to generate the PCA and 

there simply isn’t enough data to estimate the variance we should expect from 

using other -omics data. 
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 In both brain regions 5 miRNAs (hsa-miR-100-3p, hsa-miR-595, hsa-miR-325, 

hsa-miR-501-3p, hsa-miR-593-5p) were found to have a mean Crt value < 10 

(see Figure 6.2 for reference). Three of these miRNAs (hsa-miR-595, hsa-miR-

325 and hsa-miR-593-5p) were mostly unamplified in 70-90% of all samples while 

the remaining two miRs (miR-100-3p and miR -501-3p) were amplified (according 

to the machine report) in more than 50% of samples. Therefore, miR-100-3p and 

miR-501-3p only, since having a sufficient number of observations to be tested, 

were considered for downstream analysis whereas the other miRNAs with low 

Crts were discarded at this stage. 

 

 
 

Figure 6.2 Amplification curves of miRs when mean Crt <10. 
 

 

The following plots show the frequency distribution of expressed miRNAs per 

sample in each brain region separately (Figure 6.3) and the cross-region 

correlation (Figure 6.4). Correlation of number of miRNAs expressed between 

BA11 and BA25 was explored and found to be low (R = 0.345). 
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Figure 6.3 Histogram of the number of expressed miRNAs per sample. 
The number of expressed miRNAs per sample was independently investigated in each 
profiled brain region (BA11, Brodmann area 11; BA25, Brodmann area 25; miRs; 
microRNAs).  
 
 
 

 
 

Figure 6.4 Cross-tissue correlation of number of expressed miRNAs across 
samples. 
When comparing the number of miRNAs which are expressed (non-NAs) between the 
two brain regions from the same individual (each point represent a sample), we can see 
that samples from BA25 have slightly more miRNAs expressed compared to BA11, 
however the correlation between the number of expressed miRNAs for sample is quite 
low (R = 0.345). BA11, Brodmann area 11; BA25, Brodmann area 25; miRs; microRNAs. 
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Additionally, data were assessed for any technical and experimental artefacts as 

well as batch effect. Since samples were loaded in batches of 12, the number of 

miRNAs expressed according to slide was examined and two slides (BGH77 and 

BGH66) were found to have nominally fewer miRNAs expressed (Figure 6.5) and 

interestingly all of the samples with the number of expressed miRNAs < 390 were 

found to be from the same slide BGH77 suggesting a potential technical issue 

affecting this specific slide during the experimental procedure. Given the 

evidence, slide was included as a variable in the downstream statistical analyses. 

Overall, the median Crt for samples on each slide appeared to vary of 1 Crt unit 

around a crt value of 23 (Figure 6.6).  

 

 

 

Figure 6.5 Boxplot reporting the number of expressed miRNAs across all slides. 
X-axis is slide ID Y-axis is the number of expressed miRNAs. Two slides (BGH77 and 
BGH66) in particular showed nominally fewer miRs expressed compared to the general 
trend observed for the other slides. Boxplots are a standardized way of displaying the 
distribution of data based on a five number summary: minimum, maximum, median, first 
quartile, and third quartile. Each box extends from the first quartile to the third quartile 
(IQR). A line goes through the box at the median (mid-point of the data and is shown by 
the line that divides the box into two parts). The whisker lines go from each quartile to 
the minimum (1st quartile – 1.5 x IQR) or maximum (3rd quartile + 1.5 x IQR).  
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Figure 6.6 Boxplot of the median Crt across slide. 
The X-axis represents slide ID, Y-axis reports the median Crt values. The median Crt for 
samples on each slide appeared to vary of 1 Crt unit around a crt values of 23 and 24. 
Boxplots are a standardized way of displaying the distribution of data based on a five 
number summary: minimum, maximum, median, first quartile, and third quartile. Each 
box extends from the first quartile to the third quartile (IQR). A line goes through the box 
at the median (mid-point of the data and is shown by the line that divides the box into 
two parts). The whisker lines go from each quartile to the minimum (1st quartile – 1.5 x 
IQR) or maximum (3rd quartile + 1.5 x IQR). 
 

 

 

Global normalisation was adopted for data normalisation since it is the method 

recommended by ThermoFisher and the most frequently adopted in other 

publications using this same profiling platform (Farr et al., 2015, McCall et al., 

2016, Hernandez-Santana et al., 2016). Moreover, for the most part global 

normalisation and normFinder have been proved to be quite comparable when 

comparing the global normalisation factors vs the crt values of the selected 

normFinder miRNA: the global normalisation method correlated highly (R=0.81, 

p < 0.01) with the miRNA selected by normFinder (miR-421). The global 

normalisation revealed that the number of miRs ubiquitously expressed was 

comparable in the two brain regions assessed: 280 and 292 in BA11 and BA25 

respectively (Figure 6.7A) Furthermore, no miRNA was found to be distinctly 

expressed in one region compared to the other (Figure 6.7B). 
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Figure 6.7 A) Histogram showing of number of detected (expressed) miRs across samples estimated for each brain region separately. 
The distribution of frequency reveals that in both brain regions assessed, the majority of the observations is concentrated at the extremity of the  
distribution, with the majority of the brain samples expressing > 300 miRNAs ;  B) Correlation between brain regions BA11 (Y-axis) and BA25 (X-axis). 
Notably no miRNA is distinctly expressed in one region compared to the other. BA11, Brodmann area 11; BA25, Brodmann area 25; miRs; microRNAs. 
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6.4.2 Identification of differentially-expressed miRNA transcripts in the 
cortex of suicide completers 

All effect sizes described in this differential expression analysis were essentially 

Log2 fold change values (2^-∆∆Crt) between non-psychiatric controls and MDD-

suicide cases where a negative effect size would indicate an increase in miRNA 

expression in MDD suicide cases while a positive effect size a decreased 

expression levels for a given miRNA in MDD suicide cases relative to the control 

group. Two exploratory analyses were performed on these data. The linear 

regression analysis performed in each brain region separately aimed to identify 

the presence of brin region- specific differences in miRNA expression associated 

with suicidality whereas the mixed model was designed to determine cross region 

suicide-associated differences in miRNA expression taking into account the 

structure of the dataset (the two brain regions available for profiling were 

dissected from the same individuals). Table 6.2 and Table 6.3 reports the top 10-

ranked differentially expressed (up-/down-regulated) miRNA in BA11 and BA25 

respectively. Although the effect sizes suggest differential regulation of 

expression level between MDD-suicide cases and non-psychiatric controls, the 

corresponding p-values did not survive correction for multiple testing (corrected 

P-value >0.05). Furthermore, the distribution of differentially expressed miRNAs 

appeared to be comparable between the two brain regions although BA11 

showed a slightly higher number of significant findings (see Figure 6.8 for 

details).  Correlation of effect sizes across the two brain regions, BA11 and BA25, 

of suicide-associated differentially expressed (nominally significant P-values) 

miRNAs was also investigated and no apparent correlation was observed 

between brain regions (Figure 6.9). Lastly, a similar trend was observed in the 

findings from the mixed model with effect size values suggesting differential 

expression for a few miRNAs with nominally significant (P<0.05) P-values 

however these differences did not survive correction for multiple testing (see 

Table 6.4 and Figure 6.10 for details). Although the results presented are not 

statistically robust to draw definitive conclusions, they suggest a potential 

dysregulation of miRNA levels in the brain of suicide completers. 
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Table 6.2 Top 10 miRNAs for suicide linear model using Crts from BA11 samples only. 
The differential expression analysis was conducted in each brain region separately using a linear regression model with age, sex, pH, PMI 
and slide as additional covariates. 

Table 6.2 Top 10 miRNAs for suicide linear model using Crts from BA11 samples only 
 

 Effect Size Standard Error T Stat P-value 
Adj. P-value 

(FDR) 

Nobs 

CASE CTR 

hsa-miR-219a-2-3p 1.434 0.393 3.649 0.002 0.571 32 34 

hsa-miR-301a-3p -0.657 0.197 -3.322 0.004 0.571 34 33 

hsa-miR-338-5p 0.912 0.289 3.149 0.006 0.571 33 35 

hsa-let-7b-5p 0.621 0.207 3.003 0.008 0.571 31 33 

hsa-miR-590-3p 1.436 0.481 2.983 0.009 0.571 33 33 

hsa-miR-504-5p -1.142 0.398 -2.868 0.010 0.571 34 35 

hsa-miR-17-3p -1.585 0.518 -3.059 0.010 0.571 30 32 

hsa-let-7i-3p 1.085 0.380 2.847 0.011 0.571 35 33 

hsa-miR-1270 2.159 0.559 3.856 0.012 0.571 20 26 

hsa-miR-503-5p -1.3115 0.471 -2.781 0.016 0.670 33 31 

Abbreviations:  has-miR, human miRNA; FDR, false discovery rate; Nobs, number of observations, it reports in how many samples 
each miRNA was detected in (i.e. non-NA values). 
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Table 6.3 Top 10 miRNAs for suicide linear model using Crts from BA25 samples only. 
The differential expression analysis was conducted in each brain region separately using a linear regression model with age, sex, pH, PMI 
and slide as additional covariates. 

  

 

Table 6.3. Top 10 miRNAs for suicide linear model using Crts from BA25 samples only 

 Effect Size 
Standard 

Error 
T Stat P-value 

Adj. P-value 
(FDR) 

Nobs 

CASE  CTR 

hsa-miR-367-3p -0.535 0.016 -33.255 0.0009 0.391 19 18 

hsa-miR-431-3p 0.271 0.073 3.663 0.003 0.703 34 35 

hsa-miR-515-5p 3.662 0.046 78.904 0.008 0.704 19 21 

hsa-miR-340-3p 1.231 0.413 2.977 0.011 0.704 34 35 

hsa-miR-29b-1-5p 0.996 0.345 2.882 0.014 0.704 34 33 

hsa-miR-628-3p -1.508 0.533 -2.827 0.015 0.704 33 33 

hsa-miR-330-5p 0.607 0.216 2.806 0.017 0.704 33 35 

hsa-miR-577 -1.242 0.168 -7.408 0.018 0.704 17 21 

hsa-miR-381-3p 1.323 0.483 2.739 0.018 0.704 34 35 

hsa-miR-370-3p 0.399 0.148 2.704 0.019 0.704 34 35 

Abbreviations: has-miR, human miRNA; FDR, false discovery rate; Nobs, number of observations, it reports in how many samples 
each miRNA was detected in (i.e. non-NA values). 
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Figure 6.8 Scatterplot (volcano plot) showing the significance of differentially expressed miRNAs between MDD-suicide cases and 
non-psychiatric controls in each brain region separately. 

Volcano plot is a type of scatterplot that shows statistical significance (P-value) versus magnitude of change (effect size) in BA11 (A) and 
BA25 (B). In a volcano plot, the most upregulated miRNAs are towards the right, the most downregulated ones are towards the left, and the 
most statistically significant miRNAs are distributed towards the top. The distribution of differentially expressed miRNAs appeared to be 
comparable between the two brain regions. MDD, Major Depressive Disorder; BA11, Brodmann Area 11; BA25, Brodmann Area 25.  
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Figure 6.9 miRNAs differential expression cross-tissue correlations. 
Correlation of effect sizes across the two brain regions, BA11 and BA25, of suicide-
associated differentially expressed (nominally significant P-values before adjustment) 
miRNAs. No apparent correlation can be observed between brain regions when looking 
at differentially expressed (P-value<0.05) miRNAs between MDD suicide cases and non-
psychiatric, sudden death controls. MDD, Major Depressive Disorder; BA11, Brodmann 
Area 11; BA25, Brodmann Area 25; miRs, microRNAs.
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Table 6.4 Top 10 miRs from mixed-effect model. 
The differential expression analysis between cases and control group was conducted by fitting a linear mixed-effect model using the lme4 

R package whereby, brain region and sample ID were included in the model as random effects (‘within participants’ factors) together with 

slide while diagnosis, age, sex, PH and PMI were included in the model as fixed effects. 

Table 6.4 Top 10 miRs from linear mixed effect model. 
 

Effect Size Standard Error DF T-Stat P-value 
adj P-value 

(FDR) 

Nobs 

CASE  CTR 

hsa-miR-92a-1-5p 
2.355 0.164 11.071 14.371 1.6E-08 8.3E-06 11 13 

hsa-miR-149-3p 
1.729 0.466 22.019 3.712 0.001 0.3232972 23 16 

hsa-miR-504-5p 
-0.761 0.222 46.677 -3.424 0.001 0.3232972 34 35 

hsa-miR-539-5p 
0.844 0.256 45.546 3.292 0.002 0.3232972 34 35 

hsa-miR-27a-5p 
2.068 0.598 13.358 3.461 0.004 0.3938060 24 12 

hsa-let-7g-3p 
0.327 0.110 46.630 2.955 0.005 0.3938060 33 35 

hsa-miR-10b-5p 
-4.738 1.609 31.000 -2.943 0.006 0.3938060 18 19 

hsa-miR-423-3p 
-0.385 0.135 48.824 -2.842 0.006 0.3938060 34 35 

hsa-miR-758-3p 
0.753 0.255 26.022 2.945 0.007 0.3938060 34 34 

hsa-let-7i-3p 
0.884 0.302 25.864 2.927 0.007 0.3938060 33 35 

hsa-miR-130b-3p 
0.481 0.175 48.208 2.748 0.008 0.4071293 34 35 

Abbreviations: has-miR, human miRNA; FDR, false discovery rate; Nobs, number of observations, it reports how many samples each 
miRNA was detected in (i.e. non-NA values). 
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Figure 6.10  Scatterplot (volcano plot) showing the significance of differentially 
expressed miRNAs between MDD-suicide cases and non-psychiatric controls 
across both brain regions when running the mixed effect model. 
For the majority of the detected miRNAs, no substantial differences in expression were 
be detected in MDD suicide cases vs non-psychiatric controls. For negative effect size 
values miRNAs are over-expressed in MDD suicide cases. For positive effect size values 
miRNAs are under-expressed in MDD suicide cases. 
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6.5 Discussion 

In this chapter post-mortem PFC specimens dissected from donors with suicide 

history (n=32) and matched non-psychiatric controls (n=37) were profiled using 

the TaqMan™ OpenArray Human Advanced MicroRNA Panel (Applied 

Biosystems, UK) which quantifies the abundance of 754 well-characterised and 

functionally validated human miRNAs from miRBase-v21. Following stringent 

quality control and filtering of the raw data, the final dataset included a total of 

470 miRNAs found to be reliably detected in PFC tissue quantified in 69 samples 

(32 MDD-suicide cases and 39 non-psychiatric controls). Differentially expressed 

miRNA associated with SB were subsequently identified using a linear regression 

model including age, sex, pH, PMI and slide as additional covariates. The 

differential expression analysis was performed on each brain region separately 

and the effect sizes were correlated highlighting all nominally significant P-values 

(p < 0.05). A number of miRNAs showing suggestive evidence of differential 

expression in MDD-suicide patients compared to non-psychiatric controls were 

identified in both brain regions (29 in BA11, 26 in BA25)  although the detected 

differences did not survive the multiple testing adjustment (FDR). Table 6.1 and 

Table 6.2 report the top10-ranked differentially expressed miRNAs in BA11 and 

BA25 respectively.  

Among the top 10 transcripts detected in BA11, four miRNAs showed increased 

expression while three reduced expression levels in the MDD-suicide cases but 

not in the control group. Similarly, in the 10 top-ranked miRNAs in BA25, three 

miRNA reported increased expression levels while three were downregulated in 

MDD-suicide cases relative to controls. As expected, the mixed model showed 

some overlap with the regression analysis performed in the two brain regions 

separately (e.g. miR-504-5p and let-7i-3p). Although in most cases the direction 

of change was maintained, the effect size was smaller in the mixed model.  

Not surprisingly, many of the differentially expressed miRNAs in both regions 

have been previously reported in studies of psychiatric conditions such as MDD 

and SCZ as well as neurodegenerative disorders like PD and AD. Of particular 

interest, the top-ranked transcripts in BA11, miR-219a-2-3p, which showed 

reduced expression in the MDD-suicide group (effect size=1.44, unadj. P=0.003, 

FDR=0.57) was reported for its significant (FDR corrected; p < 0.05) differential 

regulation in the PFC of MDD subjects (Yoshino et al., 2020). miR-301a-3p, which 
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showed increased expression in the MDD-suicide group (effect size= -0.65, 

unadj. P=0.005) in a different study has been associated with treatment 

resistance in SCZ (Alacam et al., 2016) while miR-338-5p (effect size= 0.91, 

unadj. P=0.006) overexpression has been found to functionally prevent 

impairments in long-term synaptic plasticity, learning ability, and memory 

retention in transgenic mice and its under-expression to play an important role in 

the development of AD (Qian et al., 2019, Li et al., 2020a). In BA25, miR-369-3p, 

identified among the top 15 findings in this region (see Appendix H- Chapter 6 

Supplementary Material) was previously reported in literature for being related to 

SI (significantly lower expression levels in plasma from patients with SI) (Sun et 

al., 2016). Furthermore, one of the top-ranked miRNA, miR-370-3p (effect size= 

0.39, unadj. P= 0.019), has been implicated in the response to treatment in 

patients with MDD (Zastrozhin et al., 2020). miR-29b (effect size= 0.99, unadj. 

P=0.015, in BA25) is a brain-specific miRNA that plays an important role in brain 

development and neuronal maturation and has been found dysregulated in 

autistic patients (Sarachana et al., 2010). 

 

In regards to the top findings from the cross region mixed-effect analysis (refer to 

Table 6.4 for details), one of the miRNAs, miR-27a-5p, which revealed increased 

expression levels in the MDD-suicide group (effect size= 2.06, unadj. P=0.004) 

was found to have decreased expression in the CSF of patients with AD (Sala 

Frigerio et al., 2013). miR-539-5p (Effect size= 0.85, unadj. P=0.002) decreases 

amyloid beta-protein production and memory impairment in APP/PS1 double 

transgenic mice (Jiang et al., 2020) and its overexpressed inhibits inflammatory 

response of neurons to impede the progression of cerebral ischemic injury (Xue 

et al., 2020). miR-423-3p (Effect size= -0.39, unadj. P=0.007) levels were found 

significantly increased in rats with chronic temporal lobe epilepsy and correlated 

with the activity of caspase-3, an apoptosis indicator (Li et al., 2014a). 

In spite of these evidence suggesting a clear relationship between the altered 

miRNAs and brain disorders, for many other miRNAs nominally significant 

(P=0.05) before adjustment no previous mention could be found in literature in 

the context of neuropsychiatric disorders or, more broadly, in brain research. 

Furthermore, no overlap was found between nominally significant differentially 

expressed miRNAs here reported and previous suicide studies looking at miRNA 
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expression. However, many of the established suicide–associated miRNAs 

elsewhere reported were detected by the Open Array miRNA panel. 

Although replication and validation of selected miRNAs was not performed since 

this analysis did not yield statistically robust findings, these data ultimately 

support previous evidence of the applicability of this method to robustly detect 

miRNA expression in post-mortem brain tissue.  

 

6.5.1 Study Limitations 

This work is not exempt from limitations. Firstly, the modest sample size of this 

study meant we were underpowered to detect small differences in miRNA 

expression. An increased sample size is needed to robustly detect signals of 

differential miRNA expression. The lack of significant differential expression of 

miRNAs has been observed in a few published studies that used the same 

miRNA arrays (Grigorenko et al., 2011, Broccanello et al., 2020), however the top 

hits in other miRNA studies were biologically meaningful in most of the cases just 

not significant after adjustment.  

Secondly, the differential expression analysis performed in this study did not 

attempt to correct for cell heterogeneity partly due to the low number of miRNA 

assayed which it may have further contributed to the lack of significance. Further 

analysis could include the CETS neuronal estimates predicted from the 

methylation data.  

Given the subtle variation in median Crt values (i.e. 1 Crt unit, see Figure 6.6) 

and the low number of miRNAs ubiquitously expressed detected during the 

preliminary QC as well as two slides (BGH66, BGH77) with nominally fewer 

expressed miRNAs compared to the rest of the slides, all analyses did consider 

slide as a covariate (random effect in the cross-region analysis, fixed effect in the 

individual brain region regressions). Additionally, any possible added variation 

due to pH and PMI was ruled out by accounting for these two confounding factors 

in both models. The influence of pH variations on gene expression has been 

studied in different model systems, but only for a limited number of genes. 

Acidosis has been previously demonstrated to influence cellular responses, such 

as stimulating autophagy (Wojtkowiak et al., 2012), and to effect gene expression 

(Chen et al., 2008, Sorensen et al., 2007, Sorensen et al., 2005). In a study 

investigating the effect of changes in pH on gene expression in human dermal 
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fibroblasts, a modulated pattern of expression was displayed by numerous genes 

included, among others, cell cycle regulators and relevant extracellular matrix 

components (Bumke et al., 2003). Furthermore, human carcinoma cell lines 

treated in conditions of acidosis (pH 6.3) showed upregulation of several genes 

involved in the translation process (e.g. the translation initiation factor EIF4A2, 

and the ribosomal protein RPL37) as well as suppression of ATP turnover and de 

novo protein synthesis by 50% (Sorensen et al., 2015) highlighting the 

importance of considering pH to understand its impact on disease-associated 

changes in gene expression particularly so in in vivo studies. Similarly, studies 

have confirmed that RNA in tissues degrades with a delay in PMI (Ma et al., 2015, 

Li et al., 2014b, Lv et al., 2016). The effect of PMI on the expression of standard 

reference mRNA genes and miRNA was also investigated in four post-mortem 

human tissues among which brain (Zhang et al., 2013b) and the authors advised 

not to choose miRNAs for endogenous control genes due to their low stability 

(Zhang et al., 2013b). On the other hand, a recent study found miRNAs to be 

more stable than normal reference genes and considered to be less susceptible 

to PMI and environmental conditions in mouse post-mortem tissues (Tu et al., 

2018). miRNAs have been found to be a consistent, stable, and well-preserved 

molecular target detectable even from formalin-fixed paraffin-embedded tissue 

proving their suitability for gene expression studies (Muciaccia et al., 2015). 

Between different classes of RNA molecules, miRNAs are less conditioned by 

post-mortem decay, thanks to their tiny size (about 22 nt) and close association 

with large protein complexes that makes mature miRNAs much more stable than 

mRNAs and less prone to degradation (Liu et al., 2009). 

So far, miRNA-related research in the neuropsychiatric field has advanced our 

understanding of the clinical significance of miRNA in disease pathogenesis. 

However, their potential value as a biomarker to predict disease outcome is yet 

to be thoroughly tested under clinical settings. It has been a little over a decade 

since the first study of miRNAs in psychiatric disorders was published (Perkins et 

al., 2007); however, we are still in the early phases to best utilize miRNAs as 

biomarkers for diagnosis or treatment response. Several biomarkers have been 

tested for their prognostic value in predicting behavioural outcomes (e.g. suicide 

attempts); however, only a handful of them have proved to be reliable in clinical 

studies. There is a significant caveat in implying the preclinical concept of 

biomarker testing in the psychiatric field.  
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This is largely because of the complex nature of psychiatric conditions 

characterised by multi-dimensional psychopathological syndromes with 

multifactorial causation (Venkatasubramanian and Keshavan, 2016). However, 

preclinical studies could be translated into clinical settings. For example, several 

preclinical studies have focused on examining the functional relevance of 

miRNAs in behaviour (Issler and Chen, 2015).  

Despite some shortcomings and challenges, the premise of miRNA research is 

strong and has significant potential in developing biomarkers in the field of 

neuropsychiatric disorders. Most important among their properties is their ability 

to cross the blood brain barrier due to their small size and to remain stable in a 

biofluid, particularly in blood. Besides, once established as validated biomarkers, 

their monitoring through repetitive assays will be much faster and less complex 

under clinical laboratory settings. Moreover, their detection as non-invasive 

markers is relatively cost-effective since the collection, processing, and storage 

of biofluid samples are relatively straightforward and less invasive in standard 

laboratory conditions (Roser et al., 2018). The similarity of changes in miRNA 

expression between the brain and peripheral tissues have been explored in a 

recent review which compared all the miRNA-related findings to date and a 

relatively large numbers of overlapping miRNA expression changes were found 

to be common between brain and blood across multiple psychiatric disorders 

(SCZ, MDD, BPD) (Roy et al., 2020) further supporting the exciting potential of 

miRNA for prevention in mental health research. 

 

 

6.5.2 Future work 

Future work should be aiming at replicating this study in a much larger cohort of 

post-mortem brain samples in order to increase the detection power as well as 

guarantee the robustness of the findings. Ideally, in the presence of robust 

associations (based on effect size and P-value), top hits identified in the discovery 

cohort would need replication in a larger dataset and validation using standard 

qPCR by selecting as normaliser the miRNA found to be the most stable and 

highly correlated with the global normalisation factor in the discovery dataset. In 

order to detect the contribution of the MDD comorbidity to the detectable changes 

in miRNA expression and distinguish it from the suicide-driven signal, the study 
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design should include in the investigation a third group of MDD non-suicide 

individuals. Almost all brain enriched miRNAs are co-expressed at varying levels 

across different brain regions presumably according to a region’s functional 

needs (Ludwig et al., 2016). There is also evidence for cell-type (neuron vs glia) 

specific miRNAs in the CNS (Jovicic et al., 2013), which play a role in functions 

like neuronal differentiation and synaptic plasticity. Future replication is greatly 

needed in relevant regions like the PFC, but also amygdala, and hypothalamus, 

which have also been shown to play a major role in the overall stress response 

as well as depression symptoms and suicide risk (Allen and Dwivedi, 2020) since 

it will be interesting to know how these brain areas co-ordinately regulate miRNA 

expression. In addition, it would be compelling to disentangle how different cell 

types modulate miRNA expression patterns. Cataloguing the expression of 

miRNAs and additional small RNAs in healthy human brain as well as in major 

neuropsychiatric diseases and suicide has the potential to lead to new therapeutic 

targets and insight into disease aetiology.  

Although several promising avenues for future research are constantly emerging, 

additional studies are needed to further elucidate the role of the most robust 

miRNA candidates in suicidality. For miRNAs identified to be differentially 

expressed between suicide cases and controls through hypothesis-free studies, 

their gene targets and neurobiological significance need further investigation. 

Future functional and genomic explorations of brain-expressed miRNAs, and 

other types of ncRNAs may identify additional candidate genes and pathways for 

common psychiatric disorders. Therefore implementing additional strategies to 

further elucidate the role of miRNAs in the etiology of common psychiatric 

disorders and related phenotypes is of great importance (Forero et al., 2010). 

Moreover, the biological significance of epigenetic associations remains unclear. 

For example, studies linking epigenetic modifications with gene expression in 

cellular models are needed to clarify the role of specific miRNAs and CpG sites. 

These studies could lead to the discovery of novel drug targets and biomarkers 

of suicide treatment outcome. Future studies should also investigate the 

combined and coordinated roles of DNA methylation, miRNAs, and histone 

modifications in gene regulation and risk of suicide. Lastly, since the contribution 

of early life stressful experiences to depression and suicide vulnerability has 

recently received tremendous attention, it would be valuable to explore 

differences in functions of miRNAs as a result of variation in conditions and stress 
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factors. Lentiviral injections have been used to selectively augment and reduce 

individual miRNAs in living rodent brain (Bahi et al., 2014, Higuchi et al., 2016), 

including one ELS study (Bahi, 2016). Knockout mice have also been extensively 

used to study the importance of individual and clusters of miRNAs (Park et al., 

2010a) and more recent technological advances have proposed non-invasive 

means of delivering brain-specific anti-miRs to investigate miRNA knockdown 

(Suryawanshi et al., 2015). In combination with genome-wide expression and in-

vitro studies, these techniques can help elucidate the importance of miRNAs in 

stress-induced suicide susceptibility and aid in designing more personalized 

treatment plans for those having depression or suicidal tendencies. 
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Chapter 7 - General Discussion 
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7.1 Introduction 

 

The primary scope of this thesis was to expand on the existing knowledge about 

the epigenetic landscape in mental illness with a particular focus on DNA 

methylation and miRNA expression differences associated to with suicidality in 

the post-mortem brain. Furthermore, this work was orientated to address one of 

the main confounders in brain research, cellular heterogeneity, by optimising a 

method to investigate epigenetic variation in cryopreserved brain tissue at the 

resolution of individual cell types to disentangle the complexity of its regulatory 

machinery in health and disease. 

This discussion will summarise the key findings from each chapter of this thesis 

and the limitations present within each study and the attempts undertaken to 

tackle some of the issues faced when studying epigenetic mechanisms in the 

human brain in health and in disease. Future perspectives for the research field 

aiming to address the issues uncovered by this work will also be discussed.  

 

 

7.2 Summary of results and key findings 

In Chapter 3 I meta-analysed publicly available and unpublished methylomic 

datasets generated from post-mortem brain samples of individuals affected by 

various psychiatric conditions, but all sharing suicide as reported cause of death, 

to determine whether a distinctive signal associated to suicide could have been 

detected across multiple independent cohorts and brain regions. I identified 

numerous differentially methylated positions (DMPs) as well as genomic regions 

(DMRs) associated with suicide. These differences were primarily brain-region 

specific and enriched among functional pathways relevant to neuropsychiatric 

phenotypes and suicidality, including nervous system development (PFC) and 

regulation of long-term synaptic depression (CER). I have further explored these 

findings by investigating potential correlations between the two brain regions and 

by attempting to rule out the contribution of underlying psychiatric conditions to 

the epigenetic signature of suicide. Furthermore, I have attempted to validate one 

of the top findings from the CER suicide meta-analysis (CERC2-associated DMR) 

using pyrosequencing. Lastly I have investigated the functional consequences of 

variable DNA methylation within a PFC suicide-associated DMR (PSORS1C3-
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associated DMR) previously reported in a suicide methylomic study (Murphy et 

al., 2017) by examining the expression of nearby genes using qPCR. 

In Chapter 4 I describe the optimisation of existing methods to construct a 

protocol suitable for genomic and epigenomic interrogation of multiple cell type 

populations in the human adult brain compatible with frozen samples obtained 

from post-mortem tissue. This one-day procedure consists of tissue 

homogenization without fixation, nuclei extraction and antibody staining followed 

by fluorescence-activated nuclei sorting (FANS). The characterisation of the 

obtained fractions (neurons, oligodendrocytes and other glia) showed that the 

contamination by debris is very low and that most nuclei are isolated (as singlets), 

not attached to other nuclei (multiplets). I have also validated the robustness of 

the method and confirmed the correct cell type enrichment of each fraction by 

measuring the expression levels of cell-type specific marker genes in each of the 

three sorted nuclei populations using qPCR. By using immunocytochemistry on 

human derived cell lines, I have explored nuclear microglia candidate markers to 

be incorporated in the nuclei isolation protocol in order to further dissect the 

composition of the ‘other glial cells’ fraction. I have thus identified IRF8 as nuclear 

marker of human microglia which has now been stably integrated in the staining 

process for ongoing projects conducted within my group using my optimised 

method. The current FANS protocol allows cell-type specific profiling of neurons, 

oligodendrocytes, microglia and other glial cells (presumably astrocyte- 

enriched). These cell-type-specific nuclei populations can be used for 

downstream omics-scale sequencing applications with an emphasis on 

epigenomic interrogation such as DNA modifications (methylation and 

hydroxymethylation) histone modifications and chromatin accessibility.  

In Chapter 5 I have applied the protocol outlined in Chapter 4 to characterise cell 

type-specific genome-wide pattern of DNA methylation in purified nuclei 

populations obtained from a small cohort (N=12) of post-mortem brain samples 

from healthy individuals. By performing an Anova test, I have detected numerous 

individual sites and genomic regions where differences in DNA methylation levels 

were strongly associated to cell type identity. Only for a minority of DMPs, the 

methylation status was similar across all neural cell types examined. A similar 

pattern has been observed when performing enrichment and pathway analyses 

using cell-type specific P-values therefore proving the necessity of reinterpreting 
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findings from previous bulk studies as likely to be confounded by cellular 

heterogeneity. 

In Chapter 6, I endeavoured to capture transcriptomic signatures of suicide in the 

human brain and the additional layer of epigenetic regulation exerted by ncRNA. 

By using the Open Array platform, I have profiled the expression levels of over 

700 miRNAs in a pre-characterized cohort of human post-mortem samples 

(N=69). Using two different statistical models I have detected evidence of 

differential expression for several brain-enriched miRNAs when comparing 

suicide completers and non-psychiatric controls.  

Taking a global view of my results, three common themes are revealed across 

the adopted experimental approaches: i) the challenge in distinguishing the 

epigenetics of suicidality from the contribution of psychiatric illnesses related to 

suicide ii) the extraordinary cellular complexity of the brain tissue and the distinct 

regulation profile to which each individual cell type is subjected to, making 

extremely difficult to pinpoint any causality for the observed epigenetic 

differences when using bulk tissue iii) the need for future studies to perform multi-

omics assays on the same sample set to integrate more consistent data which 

can further our understanding of the interplay between different regulatory 

signatures and its role in determining disease phenotypes, and to maximise the 

omics information gathered from a precious finite resource as post-mortem brain 

tissue.  

 

 

7.3 Discussion 

When it comes to psychiatry, the brain is thought to be the most directly involved 

organ in the pathophysiology of disease. Owing to its functions in cognition, 

emotional processing and memory, the brain is poised to be the primary organ 

underlying the symptoms and diagnostic characteristics associated with 

psychiatric illnesses. Thus, the use of post-mortem brain for the study of 

psychiatric diseases has been crucial to our understanding of suicide as well as 

the impact of social stress on brain dysfunction (McCullumsmith and Meador-

Woodruff, 2011). It has allowed scientists to carry out investigations of the 

neurobiological processes of suicide in specific brain regions (van Heeringen and 

Mann, 2014). With the latest developments in cell type‐specific and single cell 
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isolation techniques, the exploration of the molecular mechanisms carried out by 

distinct cell populations is possible using post-mortem tissues (Hu et al., 2016b, 

Lutz et al., 2017a). Studies using these techniques have begun to reveal distinct 

molecular profiles from specific cell types and populations (Byne et al., 2008, 

Ruzicka et al., 2007), which could even be used to distinguish between certain 

psychiatric illnesses (Arion et al., 2017). As we uncover more of the complex 

nature of the brain, post-mortem brain tissues will continue to be an invaluable 

resource for the study of psychiatric illnesses (de Lange, 2017). Some of these 

molecular findings can then be investigated, at least in part, in living patients 

using brain imaging techniques (Oquendo et al., 2014) or studied in animal and 

in vitro models to provide further insight into the molecular mechanisms 

underlying brain dysfunction (McGowan et al., 2009). While post-mortem brain 

tissue offers many advantages for the study of psychiatric phenotypes, there are 

also unique challenges and limitations associated with its use. Since post-mortem 

tissues provides a snapshot of the subject’s state at a specific time, they are 

usually used only in cross‐sectional study designs that may not able to confirm 

the cause‐and‐effect relationship and may have no predictive value. Several 

factors affecting tissue quality have varying effects on the biomolecules used for 

the study, including DNA, RNA and proteins (Ferrer et al., 2008, Kretzschmar, 

2009). The period of time in between the moment of death and the retrieval of 

brain tissue is called the post-mortem interval (PMI) and has been shown to have 

varying effects on different classes of RNA and other biomolecules (Nagy et al., 

2015a) with longer PMI generally associating with higher RNA degradation 

(Birdsill et al., 2011). 

Beyond the caveats related to the use of post-mortem tissue in brain research, 

there are a number of important limitations associated with each study of this 

thesis that should be considered when interpreting the results described in each 

of the data chapters. Firstly, the challenge posed by the limited sample size 

available for each study performed which has inevitably limited the power of 

detection for significant associations, especially given the small effect sizes 

expected in complex diseases (Dempster et al., 2013). Increased public sharing 

of data and active recruitment of more brain specimens through brain-banking is 

therefore essential to maximise the number of samples available for well‐powered 

studies in molecular epidemiology. 
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Another intrinsic limitation of the analyses presented in this thesis is the 

unaccounted variation due to lack of phenotypic data. Although I have controlled 

for age, sex, pH, PMI, neuronal composition (where possible) and brain 

collection, it is plausible that other factors such as ethnicity, smoking, medication, 

influenced the results of my analyses. Although ethnicity and smoking status can 

both be estimated from methylation data in peripheral tissue like whole blood or 

placenta (Elliott et al., 2014, Bollepalli et al., 2019, Yuan et al., 2019), similar 

predictor tool have not been developed yet for brain tissue. Post-mortem samples 

are a precious resource and, when available, are often poorly characterised in 

terms of lifestyle habits such as smoking or medication intake as the majority of 

psychiatric patients are usually prescribed some type of medication during their 

lifetime.  More efforts should be made to ensure that, when available, pre-mortem 

exposure and phenotypic data are systematically recorded in a standardised 

manner when recruiting samples for bio-banking. 

 

 

7.4 Current challenges and future directions  

 

7.4.1 Cellular heterogeneity 

Epigenetic modifications are in their nature cell specific, with individual cell 

populations having a distinct epigenetic profile; therefore it is likely that disease-

related epigenetic changes could be affecting just one or two cellular populations, 

rather than every cell type in a tissue. However, the majority of the studies 

reported in this thesis have utilised bulk tissue (Chapter 3 and Chapter 6). 

Therefore epigenetic changes that have been reported in those chapters are 

representative of the cumulative contribution of all cellular populations, potentially 

masking biologically relevant cell type unique differences in the pathological 

brain. In Chapter 3 I attempted to address this issue using the bioinformatic 

CETS correction method, which calculates the neuron/glia proportion in a given 

sample (Guintivano et al., 2013). Adding this estimate as a covariate in the 

analytical models partially altered the level of significance of the findings, but did 

not dramatically change the ranking of the top loci. However, one caveat of this 

approach is that the algorithm was developed using 5mC profiles generated from 

fluorescence activated cell sorted (FACS) neuronal and non-neuronal cells from 

cortical brain tissue, using the antibody NeuN. However, it is well known in the 
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literature that NeuN is not expressed by cerebellar Purkinje neurones (Guintivano 

et al., 2013, Mullen et al., 1992). As such, this method may is not appropriate for 

determining neuron/glia proportions in cerebellar tissue, preventing its application 

to the meta-analysis conducted in the cerebellum or in  comparisons performed 

across multiple brain regions. Furthermore, the algorithm does not allow us to 

further dissect the composition of the non-neuronal fraction of the brain tissue 

therefore it cannot inform about disease relevant DNA methylation changes 

specific to individual glial cell types. 

In order to address this specific issue I have optimised the existing FANS 

methods to incorporate multiple cell-type specific markers for the purification and 

characterization of the non-neuronal fraction. In particular by distinguishing the 

oligodendrocyte signature from the one of other glial origin cells. The improved 

protocol also allows to simultaneously assay multiple genomic markers (DNA 

modification analysis (5mC and 5hmC), histone modification analysis, open 

chromatin analysis, and RNA sequencing) maximising the amount of data 

generated from the same cryopreserved brain specimen. Furthermore, the FANS 

method has enabled the construction of an improved brain cellular deconvolution 

algorithm (trained on experimental FANS data) for DNA methylation data which 

partially compensate for the limitations of the CETS tool (neurons vs non-neurons 

only) (Guintivano et al., 2013) by offering cell proportion estimates for four distinct 

neural cell types: neurons, oligodendrocytes, microglia and other glial origin cells 

(unpublished). This enhanced bioinformatics tool is greatly valuable for the 

reinterpretation of previous studies conducted in bulk tissue in which findings are 

inevitably confounded by tissue heterogeneity. Future work indeed, aims to re-

run the suicide meta-analysis (described in Chapter 3) including adjustment for 

cell estimates calculated applying the improved brain deconvolution algorithm to 

those PFC EWASs which were originally performed in bulk brain (2 out of 4  

studies). The application of my FANS pipeline to post-mortem brain tissue from 

suicide completers would allow future studies to explore differences in DNA 

methylation (as well as other epigenetic markers) across individual cell types in 

parallel, partially overcoming the issue of controlling for tissue heterogeneity in 

the PFC. Since my method does rely on the NeuN marker, it is currently 

unsuitable for nuclei sorting in the CER as Purkinje cells for example do not 

express this marker (Mullen et al., 1992, Guintivano et al., 2013). So far, neurons 

have been defined as nuclei (confirmed by compatible size, shape, and presence 
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of DAPI-stained DNA) that express NeuN (Herculano-Houzel and Lent, 2005), 

and non-neuronal cells as all remaining nuclei, by exclusion of the NeuN-

expressing fraction. This procedure stems from the assumption that the sum of 

NeuN-positive and NeuN-negative nuclei is the total number of nuclei, and 

therefore of cells, in the tissue of origin. Therefore this approach inevitably leaves 

unaccounted all those neuronal cell subtypes known to not express NeuN. Future 

work should endeavour to identify among others, a suitable nuclear marker 

unique to Purkinje cells in order to expand the application of the FANS method to 

the CER region enabling the characterization of suicide-associated cell type- 

specific DNA methylation differences in this region of the brain.  

Alternative protocols for the separation of additional cellular subtypes from post-

mortem brain tissue are now under development to allow this analysis in the 

future (Mastroeni et al., 2017, Li et al., 2019, Lake et al., 2016). These methods 

either take advantage of single-cell technologies or LCM. Laser capture allows 

microdissection of specific cell types, including, in principle, their nuclei (Cheng 

et al., 2013), but generally yields low amounts of material and is labour intensive 

(Martin et al., 2017). With the recent advances in single-cell gene expression 

profiling technologies, it is now possible to undertake the enormous task of 

disentangling brain cellular heterogeneity. High-throughput single-cell RNA 

sequencing (scRNA-seq) and multiplexed quantitative RT-PCR have become 

more accessible, and these technologies enable systematic categorization of 

individual cells into groups with similar molecular properties (Poulin et al., 2016). 

Given that a cell's function is rooted in its molecular composition, defining neural 

cell types on the basis of gene expression is one reasonable approach (Fishell 

and Heintz, 2013).  Clustering of cells, based on their gene expression profiles, 

reveals a cell-type map that can be used to assess the composition of the tissue 

including the identification of new cell types or subtypes. The identity of these cell 

groups is assigned post hoc on the basis of previously known or newly discovered 

markers (Poulin et al., 2016). These rich data can be used to address many 

questions of gene expression and regulation within or between cell types and 

between tissues (Sandberg, 2014). Although technical noise confounds precise 

measurements of low-abundance transcripts, modern protocols have progressed 

to the point that single-cell measurements are rich in biological information. 

Moreover, the power to detect biological differences from single-cell data is 

demonstrated by the identification of hundreds to thousands of genes with 
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differences in abundances between cell types (Frishberg et al., 2019). Recent 

refinements will improve the signal-to-noise ratio even further by enhancing the 

efficiencies of reverse transcription and PCR (Lein et al., 2007) or applying 

molecular barcoding strategies that control for amplification bias (Gong et al., 

2003). 

 

7.4.2 Causality  

Epigenetic changes in disease provide promises for intervention and treatments 

due to their modifiable state. Compounds that can target these modifications 

might potentially help reverse abnormal gene expression typical of disease. 

However due to the dynamic and temporal nature of epigenetic modifications, the 

interpretation of epigenetic findings is challenging; changes in cytosine or histone 

modifications could be, in fact, a result of the disease process, rather than a 

cause. The issue of causality is especially challenging in the context of psychiatric 

and neurological disorders, where longitudinal EWAS analyses in the tissue of 

primary pathology (brain) are not possible. Therefore, addressing whether loci 

nominated from epigenome studies are causal in the disease process has been 

difficult, with two-step Mendelian randomisation studies representing the only 

potentially feasible method for establishing causality to date (Relton and Davey 

Smith, 2012, Amaral et al., 2020, Caramaschi et al., 2017). Recent developments 

in CRISPR-cas9 genome editing technology, have allowed researchers to 

specifically target the DNA methylation machinery making it applicable to 

manipulating epigenetic modifications (Sander and Joung, 2014), providing a 

much more efficient method for causality determination although this can only be 

achieved in model systems which may not be representative of the complexity 

characterising the human brain. 

 

 

7.4.3 Beyond DNA methylation - other cytosine modifications 

One limitation of DNA methylation profiling (5mC) studies, included those 

presented in this thesis (Chapter 3 and Chapter 5) is the confounding effect of 

other cytosine modifications, such as hydroxymethylation (5hmC). 5hmC in 

particular has been found to be expressed at greater levels in the brain and during 

development (Kriaucionis and Heintz, 2009, Wang et al., 2012), suggesting that 
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this previously overlooked modification does have functional relevance. Due to 

the chemistry of traditional BS conversion methods, the majority of EWAS could 

not distinguish between 5mC and 5hmC. Thanks to a recent adaptation to the BS 

conversion protocol, more recent studies address this issue by oxidising the DNA 

prior to BS conversion. The profiling of matched BS and OxBS treated samples 

simultaneously enabled the detection of both modifications throughout the 

genome and provides a measure of ‘true’ DNA methylation (5mC) (Lunnon et al., 

2016, Hernandez Mora et al., 2018). However this methodology too has some 

drawbacks, for example the limited number of CpG sites profiled, and technical 

variation inherent in the profile resulting in some samples having a negative 

5hmC level as well as the higher amount of DNA input required and the higher 

costs associated with having to run each sample twice on the array. 

The adoption of hydroxymethylated DNA immunoprecipitation sequencing 

(hMeDIP-seq) would overcome this issue, however hMeDIP-seq has a relatively 

low resolution and cannot quantitatively determine 5hmC abundance at a single-

base resolution (Skvortsova et al., 2017). Further studies are also needed to 

interrogate whether other cytosine modifications present in the human genome 

(5-fC and 5-caC) are relevant in the study of psychiatric phenotypes.  

 

 

7.4.4 Array-based assays 

Many of the existing epigenomic studies of psychiatric and neurological 

conditions have utilised microarray-based technologies. Although microarrays 

are a cost-effective method for analysing the epigenome, especially when 

profiling large numbers of samples, their content is relatively constrained, and 

they only cover a small proportion of DNA modification sites. As such, pathology-

associated genomic variation in uncovered regions of the genome will not be 

detected. Sequencing-based technologies could offer a better approach for 

uncovering disease-associated genomic variation. For example, whole genome 

bisulfite sequencing (WGBS-Seq), allows the identification of DNA methylation 

changes at single nucleotide resolution across the entire genome, including at 

non-CpG sites (Yong et al., 2016); however, the depth of sequencing required to 

accurately profile DNA methylation using this approach is still associated with 

prohibitively high costs to enable a large number of samples to be profiled (Ziller 
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et al., 2015). A valid compromise to enable affordable profiling of DNA 

methylation at single base resolution is offered by RRBS (Gu et al., 2011a, 

Chatterjee et al., 2017). Furthermore, SMRT sequencing technologies, currently 

under active development, will soon enable the simultaneous identification of 

both genetic and epigenetic variation in the same sample (Hirst and Marra, 2010). 

Our understanding of the role of altered gene regulation in brain pathology has 

expanded considerably in the last decade thanks to the novel technological 

advances and the reduction in the cost of genomic sequencing. The increase in 

multi-omics analyses, including the integration of different data types, will require 

extensive collaboration between multidisciplinary teams and the development of 

novel analytical strategies. Although these studies are still in their infancy, the 

integration of genetic, epigenetic, transcriptomic, proteomic and clinical data from 

the same individuals, will enable a fully comprehensive analysis of dysfunctional 

mechanisms and pathways involved in suicide and, more broadly, complex 

psychiatric phenotypes.  

 

 

7.4.5 NcRNA studies  

There are a several limitations to ncRNA studies in neuropsychiatric disorders 

and related phenotypes: 1) several studies show changes in expression of 

lncRNAs and miRNAs; however, these are inconsistent even when studied in the 

same brain region from individuals with the same diagnosis (Yoshino and 

Dwivedi, 2020). This could be attributed to several factors. For example, 

confounding variables such as environmental factors (modality of death, age, 

sex) and the storage conditions (PMI, brain pH, freeze–thaw cycle) vary between 

studies. In addition, most of the studies use whole tissue. As mentioned in 

Chapter 6, the expression of lncRNAs and miRNAs are brain region- and cell-

type specific. This cellular heterogeneity may affect ncRNA expression. Thus, 

studying their expression patterns in neurons and glial cells (i.e. 

oligodendrocytes, astrocytes, and microglia) could help delineate these 

discrepancies. Even within neurons, specific neuronal populations need to be 

studied. In this regard, single cell study will be helpful. Furthermore, new 

emerging technologies like nanopore sequencing and structure prediction 

algorithms can be helpful for the correct identification of new small ncRNAs and 



 

428 
 

their epigenetic roles even though new ncRNAs are being discovered regularly, 

the functions of these novel ncRNAs are not well understood. More in vivo 

functional studies followed by high-throughput sequencing after cross-linking and 

immunoprecipitation will be effective in probing the functional roles of novel 

ncRNAs at the cellular level (Huttenhofer and Vogel, 2006). These assays can 

be also performed in human post-mortem brain samples, with the advantage of 

minimising the loss of tissue integrity and maximising the likelihood of capturing 

the interaction at the molecular level. Furthermore, most of the studies have 

shown temporal changes in ncRNA expression. Although it is impossible to 

measure ncRNA expression at different time points in post-mortem samples, it is 

relatively easy to measure them in peripheral tissue (e.g. blood, CSF) which has 

been shown to share a relatively large numbers of overlapping changes in miRNA 

expression  with the brain tissue across multiple psychiatric disorders (SZ, MDD, 

BPD) (Roy et al., 2020). Longitudinal studies, could allow to explore the 

diagnosis/therapeutic/disease state biomarkers for suicide and psychiatric 

illnesses. 
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7.5 Conclusion 

This thesis has provided further evidence that epigenetic dysfunction is present 

in post mortem brains of suicide completers. I have confirmed previous 

associations (e.g. PSORS1C3) and identified new candidate genes that require 

further investigation and could provide crucial insights in the neurobiology of 

suicidality as an independent psychiatric phenotype. Hence, these data provide 

a strong foundation for follow-up investigation of epigenomic and genomic 

regulation involved in the molecular pathology associated with suicide. On the 

other hand, the improved FANS method described in Chapter 4 represents the 

first attempt to further characterise the non-neuronal component of the brain while 

extending the molecular investigation of each processed sample to multiple 

epigenetic signatures in parallel. This nuclei isolation protocol enables 

examination of healthy and diseased brain specimens through utilization of 

archived specimens, including banked disease biopsies that had previously been 

difficult to analyse. Beyond the epigenomic investigation, cell type-specific nuclei 

populations can be also used for in vitro experiments (e.g. co-culture assay and 

organoids), proteomic, metabolomic, and single-cell analysis resulting of utmost 

importance not only for in-depth characterization of pathological processes in 

psychiatric and neurodegenerative diseases but also for preclinical assessment 

of cell-targeting treatments.  

Nevertheless, many questions remain to be answered regarding the actual 

contribution of other mental disorders to the behavioural outcome of suicide and 

new efforts are required to further characterise the cell type variety of the human 

brain for too long overlooked in its contribution to the regulatory genomic 

landscape. Looking to the future, improved study designs together with the latest 

advances in single cell technologies and cutting-edge genome manipulation tools 

will ultimately allow these unsolved questions to be answered. 
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Abstract 

Suicide is the second leading cause of death globally among young people and the tenth 

leading cause of death across all ages. Approximately 800,000 people die by suicide every 

year representing a significant global health burden. Despite this burden, the molecular 

pathology of suicide remains poorly understood. A number of recent studies have shown 

that epigenetic alterations are associated with suicidal behaviour. These epigenetic 

mechanisms, which act to regulate gene expression via modifications to DNA, histone 

proteins and chromatin, change with age and in response to specific environmental and 

psychosocial factors —providing a mechanism for the interaction between genotype and the 

environment. The present review briefly outlines the main epigenetic mechanisms involved 

in gene regulation and discusses recent findings of epigenetic alterations in suicidal 

behaviour, their caveats and the future direction of this emerging field of research. 
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1. Introduction 

Suicide is a serious public health problem that can have lasting harmful effects on individuals, 

families, and communities [1]. Suicide is the second leading cause of death among 15–29 year olds 

worldwide and ranks amongst the 20th leading causes of death across all ages [2]. Approximately 

800,000 people die by suicide every year [2] representing a significant global health burden. 

Suicidal behaviour (SB) spans a spectrum ranging from suicidal ideation (SI) to suicide attempt (SA) 

and completed suicide [3, 4]. Up to one-third of individuals with SI have a SA within 1 year; 

individuals who have had a SA have 1.6% risk of suicide within the year [5]. Despite its economic 

and social burden, the underlying aetiology of SB remains poorly understood. Genetic 

epidemiological studies have found evidence of family clustering of SB and have highlighted a clear 

genetic susceptibility to SB [6, 7] with heritability estimates ranging from 30-50% [8-10]. A 

significant proportion of the heritability for SB and SA appears to be independent of psychiatric 

diseases as when the heritability of SA is corrected for transmission of psychiatric disorders, 

specific heritability is between 17% and 36% [8, 11-15].  

Pre-existing knowledge of biological systems likely to be associated with SB, such as 

serotonergic neurotransmission and neurotrophic factors, resulted in several candidate-gene 

association studies [7, 14-17] which have largely yielded inconsistent results. Similarly, large-scale 

genome-wide association studies (GWAS) [18-20] have failed to identify robust associations 

suggesting that the risk of SB is highly polygenic in nature and that individual gene variants are 

likely to account only for a very small proportion of the total phenotypic variability. Other factors, 

such as the environment, behavioural traits, lifestyle and coping mechanisms, are essential 

regulators of suicide risk and likely to account for more sizeable effects [21]. Recently, increased 

understanding of epigenetic processes that occur in the brain has opened promising avenues in 

suicide research. The epigenome is potentially malleable—changing with age [22] and in response 

to specific environmental [23] and psychosocial factors [24] —providing a mechanism for the 

interaction between genotype and the environment [25]. Epigenetic processes, including DNA 

methylation, have recently been implicated in the aetiology of numerous mental health disorders 

[26-33] and SB [34, 35]. The present review will briefly introduce epigenetic mechanisms, 

focussing primarily on DNA methylation, histone modifications and non-coding RNAs and explore 

their relevance to suicide and SB, before discussing future directions and caveats of this emerging 

field of research and its potential to further our understanding of SB. 

1.1 Beyond Genome-Wide Association Studies: a Role for Epigenetic Variation in Suicide and SB 

The term epigenetics, literally meaning ‘above’ genetics, was originally coined to refer to the 

study of any potentially stable and heritable changes in gene expression or cellular phenotype that 

occurs without changes in Watson–Crick base-pairing of DNA [36]. However, the epigenome, 

which is the chemical structure surrounding our genome, can alter the function of our genes in 

response to the environment [37], and remains dynamic throughout life [37-39].  

Epigenetic variation is regulated in a tissue-specific manner by stochastic, genetic and 

environmental factors [40]. In the brain, epigenetic variation is thought to influence the gene 
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expression profile of neurons and glial cells [41, 42]. Therefore it is possible that alterations of 

epigenetic profiles in the brain may induce long-term behavioural consequences. As such they 

have the potential to play a crucial role in determining predisposition to SB [43]. The most 

commonly studied epigenetic mechanisms that can influence gene expression are: molecular 

modifications of the DNA sequence, post-translational histone modifications and non-coding RNA 

gene silencing [44].  

1.2 DNA Modifications  

DNA methylation is the covalent modification at the C5 carbon of cytosine residues, occurring 

mainly at CG dinucleotides (CpG) (See Figure 1). In somatic cells, approximately 80% of CpGs are 

methylated [45]; the remaining unmethylated CpGs tend to be concentrated around gene 

promoters (CpG islands) [37]. A Recent study has reported 5-methyl cytosine (5mC) to be central 

to the establishment of tissue-specific gene expression, cell differentiation, genomic imprinting, 

and X-inactivation [46]. When found in promoter regions of genes, CpG methylation is generally 

associated with transcriptional repression or downregulation of RNA transcription [47]. However, 

DNA methylation has also been described in other regions of the genome and the transcriptional 

effect in those areas is not consistent [24]. Previous research has suggested a role for global DNA 

methylation as a potential marker of suicide risk. A significantly higher level of global methylation 

(5mC %) has been reported in peripheral blood of psychiatric patients with a history of SA when 

compared with psychiatric controls [35]. Similarly, an increase in DNA methylation in the brain 

region BA47 was found to be 8 times greater in the group who died by suicide relative to controls 

[44]. Taken together these findings, although requiring further replication, suggest that global DNA 

methylation may be a biomarker of suicide risk in psychiatric patients and support the idea that 

blood tissue may be reasonably considered a valid proxy to monitor brain changes. 

Although DNA methylation has been considered as a stable epigenetic mark, studies in the past 

decade have revealed that this modification is not as static as once thought. Recently, research 

has provided evidence that 5mC can be oxidized to 5-hydroxymethylcytosine (5hmC) in a reaction 

catalysed by the ten–eleven translocation (TET) enzymes [48-50] along with two other oxidative 

products: 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Growing evidence suggests that 

these demethylation states may play an important biological role [51, 52]. 

1.3 Histone Modifications 

Chromatin exists as two functional structures: euchromatin which is the ‘‘opened’’ state 

associated with gene transcription and heterochromatin which is the ‘‘closed’’ state associated 

with gene silencing. Proteins forming this complex structure are called histones (H2A, H2B, H3, 

and H4). These globular proteins, with a tail of amino-acids, can be covalently modified by the 

addition or the removal of chemical groups at specific residues on their N-terminus tails (See 

Figure 1) [37]. Histone modifications are able to alter the access of transcriptional machinery to 

the DNA by modifying the condensation of chromatin [37]. Although there are several molecular 

modifications histone acetylation/deacetylation and methylation are the two most commonly 

studied. 

Studies examining the role of histone modifications in SB are limited to the study of candidate 

genes [53, 54], thus genome-wide approaches have not yet been undertaken. 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804039 
 

Page 4/30 

 

Figure 1 Epigenetic modifications and transcriptional regulation. (A) Figure illustrates 

common modifications that occur on the tails of histone proteins and the conversion 

of Cytosine to 5-methyl-Cytosine by a group of enzymes called DNA methyltransferases 

(DNMTs) and S-Adenosyl-L-methionine (SAM). (B) Transcriptionally inactive genes are 

generally characterised by DNA Methylation at CpG dinucleotides in the promoter 

region of genes and histone deacetylation. In contrast, transcriptionally active genes 

are generally characterised by absence of DNA methylation (DNA hypomethylation) 

and histone acetylation. 

1.4 Non-Coding RNAs  

Another mechanism of epigenetic regulation of gene expression is mediated by non-coding 

RNAs (ncRNAs), functional RNA molecules that are transcribed from DNA but not translated into 

proteins. These regulatory RNAs function to regulate gene expression at the transcriptional and 

post-transcriptional level. Several classes of ncRNAs exist, including microRNAs (miRNAs), short 

interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) also referred to as short ncRNAs 

(<30 nts) to distinguish them from the long non-coding RNAs (lncRNAs) (>200 nts). Both major 

groups are shown to play a role in heterochromatin formation, histone modification, DNA 

methylation targeting and gene silencing [55]. To date, miRNAs are the best characterised ncRNA 

group. They act as regulators of gene expression and protein translation in many tissues, including 

brain, by binding to the target mRNA and contributing to its degradation through the RNA-induced 

silencing complex (RISC) complex or by directly inhibiting translation [56]. MiRNAs are known to 

play a critical role in developmental processes, including neurodevelopment and synaptic plasticity 

and they have been implicated in the pathogenesis of various neuropsychiatric disorders like 

schizophrenia, major depression and bipolar disorders [55-58]. The specific dysregulation of 

miRNA function in suicide is just beginning to be appreciated, as recently reviewed [56]. 
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Cataloguing the expression of miRNAs and additional small RNAs in healthy human brain as well as 

in major neuropsychiatric diseases and suicide may lead to new therapeutic targets and insight 

into disease aetiology [55].  

LncRNAs represent another interesting class as they are enriched for expression in the brain [59] 

and are developmentally regulated [60] but less evolutionarily conserved than other RNA species. 

Although preclinical studies have begun to unravel how lncRNAs may contribute to emotional 

control [61], their role in SB is currently unknown. 

2. Common Neurobiological Pathways Epigenetically Dysregulated in Suicide 

In the last decade, understanding the role of epigenetic mechanisms in SB has implicated the 

role of key biological pathways, including hypothalamic pituitary adrenal (HPA) axis, stress 

response, polyamine system, neurotrophic signalling and lipid metabolism. A comprehensive 

overview of genes epigenetically dysregulated in suicide and SB is reported in Table 1 and Table 2. 

Common pathways frequently targeted by epigenetic and miRNA dysregulation are illustrated in 

Figure 2 and discussed in detail below. 

 

Figure 2 Molecular pathways involved in suicide behaviour. (1) Polyamine system: 

several enzymes involved in the regulation of polyamine intracellular concentration 

exhibit epigenetic regulatory mechanisms in suicide through DNA methylation (AMD1, 

ARG2), histone methylation (OAZ1) and/or post-translational mechanisms (SAT1, 

SMOX) as miRNAs regulation. (2) Neurotransmission: many genes known to play a key 

role at chemical and/or electrical synapses have been reported as hypomethylated 

(BEGAIN, GIRK2, GALR3), hypermethylated (RELN) or histone methylated (SYN1-3, 

CX30, CX43) in suicide cases compared to healthy controls suggesting that 

neurotransmission may be compromised in suicide. (3) HPA axis:  two genes 

differentially involved in cortisol release following stress (NR3C1, SKA2) have been 
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found to be both significantly hypermethylated in suicide cases relative to controls 

supporting the hypothesis of suicide-associated HPA axis dysregulation. (4) 

Neurotrophic Signalling: several studies examining BDNF and TrkB in post-mortem 

suicide brains revealed distinct epigenetic regulation pattern for these two genes: the 

receptor TrkB seems to be regulated via miRNAs (miR-30a, miR-185, miR-195 and miR-

49) and histone acetylation while the expression levels of the neurotrophin Bdnf 

correlate with DNA hypermethylation in the promoter region of the gene. 

2.1 HPA Stress Axis  

It is well established that perturbations in the HPA axis are associated with the pathophysiology 

of suicide [62]. The HPA axis is a neuroendocrine system, key regulator of cortisol release and the 

stress response [63]. Research has shown that the HPA axis may be epigenetically programmed by 

the early-life environment [64]. Several HPA-axis coupled genes have been identified over the 

years: corticotropin releasing hormone (CRH), corticotropin releasing hormone binding protein 

(CRHBP), corticotropin releasing hormone receptor 1 (CRHR1), corticotropin releasing hormone 

receptor 2 (CRHR2), FK506-binding protein 51 (FKBP5) and the glucocorticoid receptor 

(NR3C1)[65]. 

More recently, a study aiming to identify DNA methylation shifts linked to severity of the SA in 

HPA-axis coupled genes was conducted in whole blood derived DNA. The authors reported 

reduced levels of DNA methylation at two loci within the CRH promoter in serious suicide 

attempters. Interestingly, significant blood-brain correlations in DNA methylation were also found 

suggesting that these alterations may impact on expression profile of CRH in the brain [65]. 

Glucocorticoids. Glucocorticoids play a crucial role in the maintenance and survival of neurons 

and in synaptic plasticity. A study examining the DNA methylation status of GR exon 1F variant in 

individuals who died by suicide and were severely abused during childhood observed increased 

DNA methylation at the GR promoter compared to suicide victims with no childhood abuse or 

controls [66]. Moreover, GR methylation status appears to regulate the binding of the NGFI-A 

transcription factor associated with the GR expression [66, 67]. The disrupted GR function may 

result in inadequate control of the HPA axis, possibly leading to hyperactive cortisol secretion and 

development of anxiety traits. In turn, anxiety mediates the relationship between the exposure to 

early life adversity (ELA) and SB [64],[68]. More recently, a study has suggested a role for dietary 

deficiencies in mediating the interaction between an altered GR system and SB. DNA 

methyltransferases catalyse the transfer of a methyl group from the methyl donor, s-

adenoslymethionine (SAM), onto the 5C position of the dinucleotide sequence CG. However, the 

synthesis of SAM is dependent on the availability of dietary foliates, vitamin B12 and choline, 

suggesting an alternative mechanism to altering the expression of the GRII exon 17 promoter [69].  

SKA2 - Altered microtubule binding. An exciting new candidate in the relationship between 

cortisol regulation and suicide is the spindle and kinetochore associated protein 2 (SKA2), a gene 

that has been implicated in GR signalling [70]. This microtubule binding protein is thought to 

interact with the HPA axis by chaperoning the GR from the cytoplasm to the nucleus upon cortisol 

binding [70]. Once in the nucleus, the GR can interact with genomic DNA and influence gene 

expression involved in negative feedback regulation of the HPA axis response. In 2014, a study 

identified site and allele-specific DNA methylation patterns in the SKA2 gene, in particular 
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increased SKA2 3′ untranslated region methylation and concomitantly decreased SKA2 mRNA 

levels, were detected in the frontal cortex of suicide completers [71]. Further research found that 

SKA2 DNA methylation predicted lifetime SA in saliva and blood in individuals suffering from post-

traumatic stress disorder (PTSD) [72]. Higher DNA methylation at the same site and allele was also 

found to predict lower levels of miR-301a in the cortex of depressed suicide completers [73]. Since 

the expression of this miRNA is tied to SKA2 expression, it was suggested as a proxy of suicide-

associated SKA2 decreases [55, 72]. Further support to these preliminary findings has been 

provided by more recent studies suggesting the influence of trauma exposure on SKA2 DNA 

methylation as well as DNA methylation of the SKA2 gene as a biomarker of suicide risk and stress-

related psychopathology [74, 75]. 

2.2 Polyamine System and SAT1  

The polyamine system is another stress response pathway which has been extensively 

characterized in relation to suicide risk. Polyamines, aliphatic compounds with multiple amine 

groups, have been implicated in regulation of gene expression at transcriptional and 

posttranscriptional levels, regulating the function of several neuromodulators and acting as 

neurotransmitters themselves [76, 77]. Involvement of epigenetic modifications in the regulation 

of genes associated with polyamine biosynthesis has been implicated in  SB [78]. 

SAT1 is an enzyme involved in polyamine catabolism and is arguably one of the most 

consistently downregulated gene in depressed suicide completers [79-85]. A potential mechanism 

for SAT1 downregulation is through epigenetic control, as studies have identified that SAT1 

promoter DNA methylation is inversely correlated with SAT1 expression. Moreover, there is 

evidence for histone modifications affecting SAT1 expression along with other key enzymes in 

polyamine synthesis [54, 78, 82] and that miRNAs can target polyamine transcripts, including SAT1 

[86]. SAT1 has therefore emerged as a potential biomarker for suicide, topping the lists of 

candidate genes in several studies [84, 87, 88]. However, it is still unknown whether this gene is 

involved in major depressive disorder (MDD) independently of suicide, which isoforms are 

dysregulated and whether the gene undergoes differential splicing in suicide and depression [89]. 

The expression of several other polyamine-associated enzymes were found altered in the 

cortex of post-mortem suicide cases. The spermine oxidase (SMOX) gene, encoding for a catabolic 

enzyme, was found hypermethylated in the promoter region in the prefrontal cortex (PFC) of 

suicide subjects. However, there was no correlation between aberrant promoter DNA 

hypermethylation and gene expression changes [83]. Two studies have identified DNA 

hypomethylation at the promoter region of the arginase 2 (ARG2) and adenosylmethionine 

decarboxylase1 (AMD1) genes, which correlated with increased gene expression in suicide 

completers compared to controls [54, 78]. A different epigenetic modification showed to regulate 

the Ornithine Decarboxylase Antizyme 1 (OAZ1) gene, also involved in the intracellular regulation 

of the polyamine levels. Increased H3K4me3 levels in the promoter region of OAZ1 were found in 

suicide completers and appeared to correlate with the expression of OAZ1 and ARG2 in Brodmann 

area 44 [54]. Taken together this research provides support for the involvement of epigenetic 

modifications in the regulation of genes associated with polyamine biosynthesis, which may play 

an important role in SB.  
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2.3 Neurotrophic Pathways - BDNF and NTRK2 

Genome-wide DNA methylation studies in the brains of suicide completers indicates that 

suicide is associated with widespread changes in DNA methylation patterns of neurotrophic and 

neuroprotective factors in the hippocampus and PFC [40, 90]. Brain derived neurotrophic factor 

(BDNF) is a well-known receptor binding factor with growth factor activity; it is essential for the 

survival and plasticity of cortical and striatal neurons and it has been implicated in both stress 

response [17] and mood disorders [91]. Increased BDNF promoter/exon 4 DNA methylation has 

been reported in suicide brains [92], a finding that is consistent with those observed in depressed 

patients with a history of SA, or with SI during treatment with antidepressants [93]. Similarly, 

another study focusing on the Wernicke area of suicide subjects, reported a remarkable increase 

of DNA methylation at the BDNF promoter IV in suicide subjects with respect to controls [43]. 

Taken together this evidence suggest that BDNF DNA methylation status maybe a proxy marker 

for previous suicidal attempts and a clinical biomarker for poor treatment outcomes of SI in 

depression. However, larger studies are required to confirm these findings. 

Interestingly, TrkB, main receptor of BDNF and encoded by the NTRK2 gene, is also regulated 

through epigenetic changes that appear to have an impact on suicide risk. In brain tissue from 

individuals who died by suicide, mRNA expression of Trk-BT1, the astrocyte-enriched TrkB 

truncated variant, was found significantly decreased and correlated with increased DNA 

methylation at the TrkB-T1 promoter suggesting that astrocytic dysfunction may occur in 

individuals who die by suicide [53, 94, 95]. 

3. Non-Coding RNAs and Their Role in SB 

Recently, a number of studies have implicated a role for miRNA dysregulation in the 

pathogenesis of SB (see Table 2 for full list of suicide-associated miRNAs). Interestingly, some of 

the suicide-associated genes previously discussed as showing altered DNA methylation and/or 

histone modifications were found to be targets of differentially expressed miRNAs. For example, 

the expression levels of two genes involved in the polyamine metabolism (SAT1 and SMOX) were 

found to be downregulated by overexpression of miRNAs (e.g. miR-139, miR-34c, miR-195, miR-

320c) [86, 89] in suicide cases compared to controls. Similarly, miR-185, which is thought to 

regulate the NTRK2 gene (TrkB receptor) is differentially expressed in the frontal cortex of suicide 

completers [96]. Furthermore, miR-185, together with miR-195 and miR-30a have been implicated 

in regulating the BDNF signalling pathway [56, 96, 97], a pathway widely reported as involved in SB. 

Taken together, these findings suggest a co-ordinated epigenetic and miRNA regulation of 

pathways relevant to SB. 

Sun et al, implicated a role for notch signalling in SI in a study of miRNAs from peripheral blood 

leukocytes of Chinese MDD patients [98].The expression levels of two notch-associated miRNAs, 

miR-34b–5p and miR-369–3p, were found to be significantly lower in patients with SI relative to 

patients without SI [98]. Consistent with these results, expression levels of these miRNAs have 

been previously shown to be reduced in PFC of depressive suicidal patients compared to normal 

controls [73], highlighting the potential utility in examining changes in miRNA expression in blood 

in individuals with SB. 

In addition to miRNAs, expression levels of lncRNAs have also been implicated in suicide. 

Recently, our group implicated a role for differential DNA methylation at the PSORS1C3 locus, a 
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non-coding RNA, in the brains of suicide completers. Although the function of the PSORS1C3 gene 

product remains unknown, it is thought to potentially regulate nearby genes (for example, 

POU5F1 and HLA-C), suggesting a role in immune system regulation. Moreover, PSORS1C3 is a 

known psoriasis susceptibility gene further supporting a role in immune system regulation [34]. 

Futhermore, a recent study identified six lncRNAs (see Table 2) whose expression was 

downregulated in peripheral blood samples of MDD patients with SI [99] . Finally, Punzi et al 

showed that the expression of an uncharacterized lncRNA, LOC285758, is significantly increased in 

violent suicide cases compared to non-violent suicide cases [100]. Interestingly, DNA methylation 

of an intragenic CpG island in the myristoylated alanine-rich protein kinase C substrate (MARCKS) 

gene, a gene previously reported [84] as potential blood biomarker for suicidality, was found to be 

associated with the expression of this lncRNA, suggesting that the previously reported MARCKS 

association with violent suicide involves regulation by LOC285758 expression. In conclusion, 

profiling ncRNAs can substantially contribute to our understanding of how gene expression 

networks are reorganized in suicide.  

4. Current Methodological Caveats in Suicide Epigenetic Research 

4.1 Phenotype Assessment 

The wide range of phenotypes that may be considered in studies investigating SB further 

complicate identification of clear biological markers by hampering the comparability of studies, 

even among studies adopting similar approaches. SI and SA may at times be studied concurrently. 

These phenotypes are often considered to exist on a spectrum and, as a result, are frequently 

studied and reported on together in genetic and epigenetic studies. A genetic component has 

been demonstrated for SA and completed suicide but the role of genetics in SI is currently unclear 

[11]. Thus, it has been suggested to exclude SI from future SB epigenetic studies [3]. SA ranges 

from highly lethal, to low lethality for failed SA, and could be divided according to impulsive 

characteristics or chronic SA. However these two phenotypes, completed suicide and SA, are likely 

to only partly share underlying etiological and neurobiological mechanisms [101] suggesting 

therefore the need for a revised and more accurate definition of  SA phenotype, which includes 

lethality, in order to ensure inter-study comparability. Finally, SB is generally a complication of a 

psychiatric disorders like MDD, schizophrenia and/or bipolar disorder. How to distinguish suicide 

diathesis-related epigenetic changes from those associated with mood disorders and other 

suicide-associated psychiatric diseases is a crucial issue. Future epigenetic studies need to examine 

potential SB-related epigenetic modification in a suicidal population with and without psychiatric 

disorder comorbidity. 

4.2 Tissue Heterogeneity  

Compared with genetic studies, epigenetics studies are constrained by several additional 

biological and methodological design issues. A major challenge that distinguishes epigenetic and 

genetic studies is the choice of tissue type [25]. In contrast to genetic studies, epigenetic marks 

are by definition tissue and cell type specific, thus tissue choice for epigenetic studies of complex 

traits, requires careful consideration [25]. As almost all tissues consist of multiple epigenetically 

distinct cell types, a major concern in epigenetic epidemiology studies is that any apparent 
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disease-associated epigenetic differences may simply reflect differences in cellular composition 

[25]. Furthermore, failure to account for this cellular heterogeneity could limit the power of 

epigenetic studies in complex phenotypes. For whole blood, routine cell counts [102] or the use of 

algorithms that can infer cellular composition from epigenomic data [103] can be applied to 

control for this variation statistically, and similar approaches have been developed for other 

heterogeneous tissues, such as the brain [104]. Approaches such as laser capture microdissection 

(LCM) or using fluorescence-activated cell sorting (FACS) have been recruited to detect disease-

associated changes that are manifest in only a small subset of cells, which may not be detectable 

in analyses of whole tissue. However, manual sorting [105] and LCM [106] are useful for isolating 

small numbers of cells but do not provide enough material for epigenomic studies. FACS can 

isolate larger numbers of cells but may be challenging in tissues such as the adult brain, where 

cells are morphologically complex and densely interconnected. To overcome these challenges 

nuclei can be isolated from post-mortem tissue and then sorted using FACS for cell type specific 

epigenomic /transcriptomic studies [107-110]. However, FACS-sorted nuclei are fragile and 

difficult to concentrate into the small volumes that are optimal for chromatin assays or to keep 

intact for DNA methylation assays. Another major challenge is selecting nuclear expressed cell-

type specific markers for sorting. Although several cell-specific markers have been identified and 

validated over the years, most of them are expressed in the cytoplasm or on the cellular 

membrane making them unsuitable for nuclei sorting. Neuronal nuclear antigen (NeuN) is 

commonly used as a robust marker of neurons and its application in flow cytometry analyses have 

been widely validated by several recent studies in mouse and human post-mortem brain samples 

[104, 111-114]. Although NeuN is specific to neurons, not all neurons express NeuN (e.g. 

cerebellar Purkinje neurons, olfactory bulb mitral cells, cortical Cajal-Retzius neurons, neurons of 

the inferior olive and dentate nuclei) [115, 116]. Moreover, no robust nuclear markers suitable for 

FACS are available to date for mature oligodendrocytes, astrocytes and microglia isolation from 

human brain tissue. 

Further research aiming to identify new markers for nuclei labelling is needed to separate 

nuclei from different brain regions as well as different cell-types and neuronal sub-types unique to 

different cortical layers. This would empower research discoveries on nuclear changes occurring 

during disease progression, especially in rare but important populations, such as immune cell 

types present in the brain, which are thought to be critical in neuroprotective and 

neuroinflammatory processes [117]. 

4.3 True Methylation Assessment 

5hmC plays a key role in the brain, where it is particularly abundant and dynamic during 

development [118, 119]. Current molecular approaches used to measure levels of DNA 

methylation (including sodium bisulphite conversion methods) do not distinguish between 5mC 

and 5hmC [120] suggesting that densely hydroxymethylated regions of DNA may be 

underrepresented in quantitative methylation analyses. However, several methodologies have 

now been developed to address this issue (including oxBS-Seq [121], mTAB-Seq [122] or Aba-Seq 

[123]). 5mC and 5hmC seem to have opposite relationships with transcriptional activity, with 5mC 

negatively correlating with gene expression [124] and 5hmC positively correlating with gene 

expression in the rodent [125] and human brains [118]. Although many studies showed that 5hmC 
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is linked with neurological disorders such as Alzheimer’s and Huntington’s diseases [126, 127] and 

psychiatric disorders disorder [128-130] its potential implication in SB remains unknown. 

4.4 Caveats of miRNA Profiling 

Expression profiling of miRNAs have increased our understanding of which miRNAs are present 

in specific tissues and how they may change under pathological conditions [131]. However, once 

identified, linking a miRNA to its mRNA targets can be a challenging task, and the mRNA target 

pairs should be validated. As reviewed elsewhere [132], a very small fraction of software-

predicted miRNA targets are validated in vivo and many databases for miRNA target prediction are 

being developed in order to address this issue [132]. However, those databases can provide a 

surprising level of divergent results when we take into account degrees of sequence similarity, 

conservation, site accessibility, and variation in the targeted regions of the mRNA. Similarly, there 

are a number of conflicting studies with regard to the magnitude and direction of biologically-

relevant miRNA expression changes in psychiatric disorders [133, 134]. This could be due to tissue-

specific variation in expression levels as well as heterogeneity in quantification and normalization 

procedures [135]. Furthermore, some studies on miRNAs and depression were conducted in 

peripheral blood despite uncertainties regarding how closely changes in peripheral miRNA 

expression reflect modifications in the central nervous system (e.g., [136]). Finally, it should be 

also considered that “control” RNAs commonly used to normalize miRNA data (U6, U44, and U48) 

are very sensitive to post-mortem decay [132]. 

4.5 Sample Size and Peripheral Tissue Profiling 

The abundance and availability of brain samples is a big challenge and many studies are relying 

on a limited number of brain samples reducing the power of epigenome-wide association studies 

[40]. Only genes that have been replicated in independent methylation studies should be 

considered further as primary candidate genes. Although it is desirable to increase sample sizes in 

the next few years, it is unfeasible to reach the numbers of samples currently being analysed in 

GWASs using human brain [40]. The small sample size of most of the current studies also 

represents a limitation when it comes to identifying gender-specific epigenetic changes associated 

to SB. Studies are looking towards the use of peripheral tissues (e.g. whole blood, saliva, 

cerebrospinal fluid (CSF)) to model a brain-related phenotype. Given the tissue-specific nature of 

the epigenome, the assessment of disease-relevant tissue is an important consideration for EWASs. 

Although some studies suggest that peripheral samples (e.g. CSF) would adequately model brain 

gene expression changes, little is known about whether easily accessible tissues, such as whole 

blood, can be used to address questions about inter-individual epigenomic variation in 

inaccessible tissues, such as the brain [137]. Epigenetic marks are more variable between different 

tissues of the same individual than between the same tissue of different individuals. There is 

however evidence of within-individual epigenetic variation correlation across tissues [138]. A 

recent study explored co-variation between tissues and the extent to which methylomic variation 

in blood is predictive of inter-individual variation identified in the brain. Their data suggest that for 

the majority of the genome, a blood-based EWAS for disorders where brain is presumed to be the 

primary tissue of interest will give limited information relating to underlying pathological 
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processes [137]. However, the authors do not discount the utility of using a blood-based EWASs to 

identify biomarkers of disease phenotypes manifest in the brain [137].  

4.6 Animal Models 

To date no convincing animal models of suicide have been produced [4]. Suicidal behaviour is 

challenging to detail in a non-human model as the underlying pathophysiology is poorly known 

and the risk for suicidal acts is multi‐factorial, consisting of a range of biological (e.g. genetics), 

psychiatric, psychosocial, interpersonal and cultural risk factors. The most promising 

endophenotypes worth investigating in animals are the cortisol social-stress response and the 

aggression/impulsivity trait, involving the serotonergic system as well as neurotrophic factors and 

neurotrophins which have been implicated in suicide previously [4]. Future animal studies could 

focus on elucidating the effect of suicide-associated epigenetic changes on gene function and how 

this might impact known suicide-associated endophenotypes and biological pathways. 

4.7 Causality 

Currently it remains unclear whether the epigenetic changes observed cause SB and suicidal 

acts or if these phenotypes (or underlying psychiatric conditions/medication) cause the detected 

epigenetic changes. In the attempt to answer this question, Mendelian randomization (MR) is 

proving to be a promising approach. MR posits that if a biomarker is causally related to a disease 

or phenotype, genetic variant(s) controlling activity of that biomarker should also be associated 

with the outcome [139, 140]. Using genetic variants as proxy for exposure overcomes confounding 

because genetic variants are inherited at random during meiosis, so they are unrelated to 

potential confounders (measured or unmeasured). Therefore, following the principles of MR may 

represent a valid method for revealing the role of specific genes as modifiers/risk factors of SB, 

leading to a possible association between suicidality and a given biomarker. Future studies 

examining epigenetic alterations in SB should be undertaken by applying these novel approaches 

in order to investigate the direction of effect. For instance, the 2-step epigenetic MR approach, 

which is an extension of MR assumptions, allows researchers to investigate the causal role of DNA 

methylation in the association between an environmental exposure and SB [141, 142].  

None of the studies outlined in this review have attempted to examine the causal pathways 

between epigenetics changes and SB, either statistically or experimentally. Recent advances in 

CRISPR-Cas9 based systems enable researchers to direct epigenetic machinery to specific locations 

with possibly greater ease and at a lower cost. Once the major drawbacks with dCas9 have been 

solved (such as the inefficiency of precise base editing and off-target activities), in vivo epigenome 

editing methods will potentially allow for more labs to investigate the behavioural outcomes of 

specific epigenetic patterns in cell or animal models. Although most of the excitement around 

CRISPR to date has been focused on the ability of genome editing to cure disease, epigenome 

editing methods might enable more subtle and reversible modulatory control [24]. Future studies 

will greatly benefit from these new tools and allow for a precise investigation of the direct 

molecular and behavioural outcomes of suicide -induced epigenetic patterns in the brain. 
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4.8 Other Considerations 

Typically, post-mortem studies report post-mortem interval (PMI), which represents the 

amount of time between a subject’s death and collection and processing of the brain. It has 

previously been shown that DNA, miRNAs and some histone modifications are stable across 

extended PMIs [143-146]. Moreover, a recent study has reported that neither global nor site-

specific levels of 5mC and 5hmC are affected by the post-mortem intervals [46].  

A further complication stems from the emergence of SI during antidepressant treatment.  

There is indeed a longstanding belief that antidepressants might have an early “triggering effect” 

that induce depressed patients to pursue suicidal impulses before the treatment-induced mood 

improvement [147]. Some patients being treated for depression and other psychiatric illnesses 

experience suicidal thoughts and actions (suicidality) as previously reported in a small proportion 

of patients receiving selective serotonin reuptake inhibitors [147]. Therefore, when medication 

data are not available for all individuals included in a study, the possibility that the observed 

epigenetic changes are confounded by medication cannot be ruled out. 

5. Future Perspectives 

A multi-omics approach to disentangle the molecular basis underlying SB is warranted to 

further our understanding of suicidality and SB. Genome-wide investigations have demonstrated 

that the genetic predisposition to complex traits is highly polygenic. The common variants 

detected by polygenic risk score analyses may help to predict the extent to which the genetic 

predisposition for suicidal acts has influence on the risk of suicide attempts. By integrating 

polygenic risk scores for SA, DNA modifications, chromatin modifications and miRNA expression 

profiling together would allow the research community to gain a broader and deeper 

understanding of the pathways primarily involved in the neurobiology of suicide and their 

potential co-ordinated interaction. For the same reason, future studies should also examine the 

transcriptional consequences of the observed suicide-related DNA methylation changes. System 

biology methods, such as weighted correlation network analysis (WGCNA), could be applied to 

identify suicide-associated gene pathways and networks that could be further targeted as 

biomarkers or therapeutic targets for suicide prevention. 
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Table 1 Aberrant epigenetic changes associated with suicidal behavior 

GENE 
SYMBOL 

PROTEIN 
ENCODED 

GENE FUNCTION 
(NCBI) 

MOLECULAR FUNCTION 
(UniProt) 

TISSUE KEY FINDINGS 
REFERENCES 

(PMID) 

DNA methylation 

Global DNA 
methylation 

NA NA NA BA47 
8-fold increased DNA methylation 

in suicide group compared to 
controls 

25364291* 

Global DNA 
methylation 

NA NA NA 
Peripheral 

blood 

Psychiatric patients with a history 
of  SA had significantly higher levels 

of global DNA methylation 
compared with controls 

 

23025623*§ 

NR3C1 
Glucocorticoid 

receptor 

Maintenance and 
survival of neurons and 

in synaptic plasticity 

Affects inflammatory 
responses, cellular 
proliferation and 

differentiation in target 
tissues. Involved in chromatin 

remodelling. Plays a role in 
rapid mRNA degradation 

Hippocampus 

Significant DNA hypermethylation 
at GR promoter in the hippocampus 
of suicide completers with history 

of abuse compared to controls 

19234457*§ 

    
Hippocampus 

DNA hypermethylation in the exon 
1F of the GR gene in abused 

individuals who died by suicide 
compared to non-abused 

individuals 
 

22752237* 

RNR1 ribosomal RNA 

Critical functions in the 
ribosome that allow 
protein synthesis to 

occur 

NA Hippocampus 

Overall DNA hypermethylation of 
rRNA promoter in the hippocampus 
of suicide completers with history 

of abuse/childhood adversity 

18461137* 
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NTRK2 
TrkB-T1 (astrocytic 

variant) 

Receptors of 
neurotrophins. Role in 

neurotransmission, calcium 
release, synaptic plasticity, 

and cell survival. High 
affinity receptor of BDNF 

associated with mood 
disorders and SB 

Development and the 
maturation of the central 

and the peripheral 
nervous system 

PFC (BA 8/9) 

Increased DNA methylation in two 
CpG sites within the promoter of 

TrkB-T1 accompanied by decreased 
mRNA expression in the PFC of 

suicide completers compared to 
controls 

19124685 

    
PFC (BA 8 / 9) 

DNA hypermethylation at four CpG 
sites in the TrkB-T1 3’ UTR region in 
suicide cases compared to controls. 

Correlation between DNA 
methylation levels at these sites 

and TrkB-T1 expression 
 

24802768* 

GABRA1 GABAA α1 

Stabilizing or 
hyperpolarising the resting 
potential Inhibitory effect, 
reducing the activity of the 

neurons 

Drug binding,GABA-A 
receptor activity, GABA-

gated chloride ion channel 
activity 

FPC 

Increased DNA methylation 
detected in the GABRA1 gene and 

negatively correlated with DNMT3B 
protein expression but positively 
with DNMT1 mRNA in the FPC of 

suicide cases 

18639864 

RELN 
reelin, glutamic acid 

decarboxylase 

Cell-cell interactions 
control, critical role in cell 
positioning and neuronal 

migration during brain 
development 

Lipoprotein particle 
receptor binding, metal 

ion binding, protein kinase 
activity 

Occipital 
cortex 

DNA hypermethylation at the RELN 
promoter in SZ subjects who died 
by suicide compared to controls 

15961543 

    
Forebrain 

Hypermethylation at 3 CpG sites 
within RELN promoter in SZ suicide 
cases compared to controls. DNA 

hypermethylation negatively 
correlated with reelin expression 

17310238 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804039 
 

Page 25/30 

SAT1 
Diamine 

acetyltransferase 1 
Enzyme in polyamine 

catabolism 
Polyamine 

metabolism 
PFC (BA 8/9) 

DNA hypermethylation in suicide 
completers carrying the C allele at the 

rs6526342 SNP within the SAT1 
promoter region. CpG methylation at 
SAT1 promoter negatively correlates 

with gene expression 
 

21501848* 

SMOX spermine oxidase 
Enzyme in polyamine 

catabolism 

Role in the regulation 
of polyamine 
intracellular 

concentration 

PFC 

DNA hypermethylation in the 
promoter of SMOX in the brain of 

suicide subjects. No correlation with 
the gene expression levels 

20059804* 

BDNF 
brain derived 

neurotrophic factor 

Role in neuronal survival 
and plasticity, in the 

regulation of the stress 
response and in the biology 

of mood disorders 

Growth factor activity, 
neurotrophin, TRKB 

receptor binding 
Wernicke area 

BDNF promoter IV hypermethylation 
in the suicide brains compared to 

controls. DNA hypermethylation levels 
correlates with significantly lower 

BDNF expression 

20194826*§ 

    
Peripheral 

blood 

Increased BDNF methylation was 
significantly associated with SI and 

depression in female patients 1 year 
after breast surgery and this 

association was independent of 
previous depression, and BDNF 

genotype. No significant methylation–
genotype interactions were found 

25838322* 

    
Peripheral 

blood 

Higher BDNF DNA methylation levels 
significantly associated with previous 

SA,  SI during antidepressant 
treatment, and  SI at the last 

treatment session 

23992681*§ 

    
Peripheral 

blood 

Higher DNA methylation at BDNF 
promoter is significantly associated 

with SI at baseline in a geriatric Korean 
population 

24731781*§ 
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ARG2 arginase 2 
Suggested role in nitric 
oxide and polyamine 

metabolism 

Role in the regulation of extra-
urea cycle, arginine metabolism 

and down-regulation of nitric 
oxide synthesis 

BA 44 

DNA methylation in the promoter 
region of ARG2 showed a 

relationship to the respective levels 
of expression in suicides 

22008221* 

    
BA 44 

Increased expression of ARG2 in 
suicide completers correlates with 
decreased DNA methylation levels 
of specific CpGs in the promoter 

region 

23260169* 

AMD1 
S-

adenosylmethionine 
decarboxylase 

polyamine biosynthesis Polyamines biosynthesis BA 44 

Site-specific DNA methylation in 
the promoter region of ADM1 was 

associated with ADM1 gene 
expression in suicide cases 

compared to controls 

22008221* 

    
BA 44 

Increases in gene expression of 
AMD1 in suicide completers 
correlate with decreases in 

methylation of specific CpGs in the 
promoter of this gene 

23260169* 

GRIK2 
glutamate receptor 
ionotropic kainate 2 

Regulation of circuit 
activity in neuronal 

cells, through G-protein 
coupled receptor 

stimulation 

Ion channel, receptor activity 
PFC (BA 8/9, 

BA10) 

GRIK2 is hypomethylated in suicide 
cases compared to controls. GRIK2 
showed higher levels of expression 

in cases 

24662927*§ 

BEGAIN 
brain-enriched 

guanylate kinase 
associated protein 

Structural role in  the 
postsynaptic density 

Transmission across chemical 
synapses and protein-protein 

interactions at synapses 

PFC (BA 8/9, 
BA10) 

BEGAIN is hypomethylated in 
suicide cases compared to controls. 

BEGAIN  showed higher levels of 
expression in cases relative to 

controls 

24662927*§ 
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SKA2 

spindle and 
kinetochore 

associated complex 
subunit 2 

Structural role, 
microtubule 

organization. Potential 
role in suppressing 

cortisol following stress 

microtubule binding (Cell 
cycle, Cell division, Mitosis) 

FC 
DNA hypermethylation at C allele of 

rs7208505 predicted lower SKA2 
expression in suicide completers 

25073599*§ 

    
Blood and 

saliva 

DNA methylation variation at SKA2 
gene mediates vulnerability to SB 

and PTSD through dysregulation of 
the HPA axis in response to stress 

26305478*§ 

ELOVL5 
Elongation of very 

long chain fatty 
acids protein 5 

Elongation of long-
chain polyunsaturated 

fatty acids 

Polyunsaturated fatty acid 
biosynthesis 

Plasma 
SA significantly associated with 

DNA methylation in ELOVL5 gene 
regulatory regions 

25972837*§ 

GAL, 
GALR3 

amino acid 
neuropeptide 

galanin, galanin 
receptor 3 

Mood regulation 

Chemical synaptic 
transmission, inflammatory 
response, nervous system 

development 

LC, DRN 

Increased GAL and GALR3 mRNA 
levels, in parallel with decreased 
DNA methylation  suicide cases 

compared with controls 

27940914* 

    
BA 8/9, BA 24 

GAL and GALR3 transcript levels 
were decreased, GALR1 was 

increased, and DNA methylation 
was increased in the DLPFC of male 
suicide cases compared to controls 

27940914* 

TNF-A 
Tumor necrosis 

factor alfa 
Cell signalling protein 

(cytokine) 

Pro-inflammatory cytokine 
involved in inflammatory and 
immune responses, mediating 

neuronal death in injured 
brain 

DLPFC 

TNF-A promoter significantly 
hypomethylated in the suicide 

cases compared with the control 
group 

29361849 

MARCKS 
Protein Kinase C 

Substrate 

Metabolism and 
Integration of energy 

metabolism 

calmodulin binding and 
protein kinase C binding 

DLPFC 

DNA  hypomethylation 
(cg24011531)  in the MARCKS gene 
in violent suicide cases compared 

to controls 

29361849 
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PSORS1C3 Long non-coding RNA 

Long non-coding RNA 
with a postulated role in 

immune system 
regulation 

not reported 
PFC (BA 11 

and 25) 

Significantly hypomethylated DMRs 
upstream of the PSORS1C3 gene in 
both cortical regions in depressed 
suicide cases compared to controls 

28045465*§ 

Histone modifications 

OAZ1 
Ornithine antizym 
decarboxylase e 1 

Role in cell growth and 
proliferation by 

regulating intracellular 
polyamine levels 

intracellular 
polyamine 

biosynthesis and 
uptake 

VLPFC (BA44) 

Increased H3K4me3 levels in the 
promoter region of OAZ1 in 

suicide completers correlated with 
the expression of OAZ1 and ARG2 

22008221* 

NTRK2 
Neurotrophic Tyrosine 
Kinase Receptor Type 2 

Receptors of 
neurotrophins 

Role in 
neurotransmission, 

calcium release, 
synaptic plasticity, 

and cell survival 

PFC (BA10) 

Increased methylation at H3 
Lysine 27 in suicide brains 

compared to controls. Significant 
correlation between increased H3 
lysine 27 methylation and TrkB.T1 

expression level 
 

19696771 

SYN1, SYN2 
and SYN3 

Neuronal 
phosphoproteins 

Synaptogenesis, synaptic 
transmission and 
synaptic plasticity 

Regulation of 
axonogenesis and 

synaptogenesis 
PFC (BA10) 

H3K4me3 promoter enrichment in 
psychiatric suicide cases relative 

to controls 
 

22571925*§ 

CX30, CX43 Connexin 30 and 43 

Diffusion of ions and 
metabolites between the 

cytoplasm of adjacent 
cells 

Gap junction 
channels 

NEOCORTEX 
(BA4, BA17) 

Enrichment of H3K9me3 for both 
CX30 and CX43 in the PFC of 

depressed suicide cases 
27516431 

Abbreviations: PFC, Prefrontal cortex; FPC, frontopolar cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe nucleus; SZ, 
Schizophrenia. *Study used age matched cases and controls and/or included age as a co-variate in their analysis. § Study used gender matched cases and controls 
and/or included gender as a co-variate in their analysis. 
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Table 2 Differentially expressed miRNAs associated with suicidal behavior 

non-coding RNA 

PUTATIVE / 

VALIDATED TARGET 

GENE 

TARGET GENE FUNCTION (NCBI) TISSUE KEY FINDINGS 
REFERENCES 

(PMID) 

MicroRNAs      

miR-152 

miR-181a 

miR-330-3p 

miR-34a 

miR-224 

miR-376a 

miR-133b 

miR-625 

NA NA PFC (BA10) 

8 miRNAs were significantly altered 

(2 up, 6 down) in psychiatric suicide 

subjects 

24475125¥§ 

miR-34c-5p 

miR-320c 
SAT1 Enzyme in polyamine catabolism PFC (BA44) 

miRNAs targeting the 3’ UTR of SAT1 

upregulated in PFC of suicide cases 

and lower expression levels of SAT1 

gene in suicide cases vs controls 

24025154*§ 

miR-139-5p 

miR-320c 

 

SMOX 

Enzyme in polyamine catabolism 

(Roles in neurotransmission through 

the regulation of cell-surface receptor 

activity, involvement in intracellular 

signalling pathways) 

PFC (BA44) 

miRNAs targeting the 3’ UTR of 

SMOX upregulated in PFC associated 

to a lower expression levels of 

SMOX gene in suicide cases 

24025154*§ 

miR-20b 

miR-20a 

miR-34a 

miR- 34b 

miR-101 

miR-148b 

BCL2 

DNMT3B 

MYCN 

VEGFA 

cellular growth and differentiation PFC (BA9) 

 

Globally downregulated expression 

pattern of  miRNAs in the PFC 

of depressed suicide subjects 

compared to non-suicidal controls 

 

22427989 

miR-34b–5p 

miR-369–3p 
NOTCH 

neuronal plasticity (sequence-specific 

DNA binding transcriptional activator 

activity, RNA polymerase II 

transcription factor binding) 

Peripheral blood 

 

Expression levels of miR-34b–5p and 

miR-369–3p  were significantly 

lower in leucocytes of Chinese MDD  

patients with suicide idea compared 

to MDD patients without suicide 

idea 

 

26807671*§ 
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miR-185 NTRK2 

Receptors of neurotrophins 

Neurotransmission, calcium release, 

synaptic plasticity and cell survival 

PFC (BA10) 

The miRNA miR-185 found 

differentially expressed and 

inversely  correlated with TrkB-T1 

expression in the  PFC of suicide 

completers 

 

22802923 

miR-185 

miR-195 

miR-30a 

miR-49 

DICER1 

NTRK2 

miRNA bio-synthesis (nucleic acid 

binding and hydrolase activity) 
PFC 

DICER1 expression level associated 

with 

SB in both MDD and BD samples; 

Polygenic profile scores negatively 

predicted SB in the BP sample for 

only 4 miRNA genes 

26921221 

miR-19a-3p TNF-A 
mediating neuronal death in injured 

brain 
DLPFC 

Specifically upregulated in 

individuals who died by suicide 

compared to normal controls 

29361849 

Long non-coding RNAs 

LOC285758 MARCKS 

Metabolism and Integration of energy 

metabolism (calmodulin binding and 

protein kinase C binding) 

DLPFC 

LOC285758 expression is 

significantly increased in violent 

suicides irrespective of MARCKS 

transcription levels but not the 

opposite 

 

24821221*§ 

TCONS_00019174 

ENST00000566208 

NONHSAG045500 

ENST00000517573 

NONHSAT034045 

NONHSAT142707 

NA 

 

Protein complex biogenesis 

 

PMBCs 

Expression of six down-regulated 

lncRNAs had a negative association 

with suicide risk in MDD patients 

28638716 

 

Abbreviations: PFC, Prefrontal cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe nucleus; PBMCs, peripheral blood 

mononuclear cells; MDD, major depressive disorder; BD, bipolar disorder. *Study used age matched cases and controls and/or included age as a co-variate in their 

analysis. § Study used gender matched cases and controls and/or included gender as a co-variate in their analysis. 
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Abstract
Suicide is the second leading cause of death globally among young people representing a significant global health
burden. Although the molecular correlates of suicide remains poorly understood, it has been hypothesised that
epigenomic processes may play a role. The objective of this study was to identify suicide-associated DNA methylation
changes in the human brain by utilising previously published and unpublished methylomic datasets. We analysed
prefrontal cortex (PFC, n= 211) and cerebellum (CER, n= 114) DNA methylation profiles from suicide completers and
non-psychiatric, sudden-death controls, meta-analysing data from independent cohorts for each brain region
separately. We report evidence for altered DNA methylation at several genetic loci in suicide cases compared to
controls in both brain regions with suicide-associated differentially methylated positions enriched among functional
pathways relevant to psychiatric phenotypes and suicidality, including nervous system development (PFC) and
regulation of long-term synaptic depression (CER). In addition, we examined the functional consequences of variable
DNA methylation within a PFC suicide-associated differentially methylated region (PSORS1C3 DMR) using a dual
luciferase assay and examined expression of nearby genes. DNA methylation within this region was associated with
decreased expression of firefly luciferase but was not associated with expression of nearby genes, PSORS1C3 and
POU5F1. Our data suggest that suicide is associated with DNA methylation, offering novel insights into the molecular
pathology associated with suicidality.

Introduction
Suicide represents a global public health problem, with

approximately 800,000 people dying worldwide from
suicide annually and suicide attempts up to 20 times more
frequent than completed suicide1. Moreover, suicide is the
second leading cause of death among young people
worldwide and ranks among the 20th leading causes of
death across all ages2. The risk for suicidal acts is multi-
factorial, and consists of a range of biological, psychiatric,
psychosocial, and cultural risk factors3. Despite its eco-
nomic and social burden, the underlying biological

aetiology of suicidal behaviour (SB) remains poorly
understood.
To date, large-scale genome-wide association studies

(GWAS)4–7 have failed to identify robust associations
suggesting that the risk of SB is highly polygenic in nature
and that individual gene variants are likely to account only
for a small proportion of the total phenotypic variability8.
Other factors, such as the environment, behavioural traits,
psychiatric diagnosis, lifestyle, and coping mechanisms,
are essential regulators of suicide risk and likely to
account for more sizeable effects9. Recently, increased
understanding of epigenetic processes that occur in the
brain has opened promising avenues in suicide research.
The epigenome is potentially malleable—changing with
age10, in response to specific environmental11 and psy-
chosocial factors12—providing a mechanism for the
interaction between genotype and the environment13.
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Epigenetic processes, including DNA methylation, have
recently been implicated in the aetiology of numerous
mental health disorders14–21 and SB22,23.
In the last decade, research aiming to understand the

contribution of epigenetic mechanisms to SB has impli-
cated the role for key biological pathways, including
hypothalamic pituitary adrenal axis, stress response,
polyamine system, neurotrophic signalling, and lipid
metabolism8. However, studies examining DNA methy-
lation differences associated with SB have primarily
focussed on candidate genes24–27 and few have examined
genome-wide DNA methylation changes in the brains of
suicide completers22,28. The availability of brain samples is
a major challenge for psychiatric research and many
previous studies examining DNA methylation variation in
suicide are performed on a limited number of post-
mortem brain samples22,29,30. Such small studies have
reduced statistical power to detect small changes in DNA
methylation. The objective of this study was to identify
suicide-associated DNA methylation changes in the
human brain by utilising previously published and
unpublished methylomic datasets.
Genome-wide DNA methylation profiles were available

from post-mortem brain samples of suicide completers
and non-psychiatric, sudden-death controls for a total of
seven cohorts. Methylomic data available for two different
brain regions —prefrontal cortex (PFC) and cerebellum
(CER) (PFC: 4 cohorts, n= 211; CER: 3 cohorts, n= 114)
—were meta-analysed across the suicide cohorts for each
brain region separately. We report evidence for altered
DNA methylation in suicide cases compared to non-
psychiatric controls in both the PFC and CER and
examined the functional implications of a top-ranked PFC
suicide-associated differentially methylated region (DMR)
on gene expression levels in that region. Finally, gene
ontology enrichment analysis was performed in each
brain region separately to identify pathways of genes
associated with suicide completion.

Materials and methods
Sample collection/data recruitment
For the PFC meta-analysis, we included four independent

previously published studies22,31–33 aimed at profiling DNA
methylation in human PFC in individuals with a diagnosed
axis-I psychiatric disorder and healthy non-psychiatric
controls. Only data from individuals who died by suicide
and non-psychiatric controls were included for the initial
meta-analysis. In two of the four studies selected31,32, DNA
methylation was profiled from fluorescence-activated nuclei
sorted neurones, with the remaining two studies performed
in bulk tissue22,33. Raw DNA methylation data for all four
studies are deposited in the Gene Expression Omnibus
(GEO) database (accession number: GSE89707, GSE88890,
GSE98203, GSE41826) and full details of the sample cohort

can be obtained from the original studies22,31–33. For the
CER meta-analysis, three DNA methylation datasets were
included two of which are currently unpublished
(GSE137222 and GSE137223). Raw DNA methylation data
for the CER published EWAS study33 is deposited in GEO
database (accession number: GSE89702). The unpublished
studies were approved by the University of Exeter Medical
School Research Ethics Board (REB). In all three CER
cohort’s DNA methylation profiles were derived from bulk
brain tissue and cases were individuals who died by suicide
(hanging, jumping from height, intentional poisoning, self-
harm/bleeding). Cause and manner of death as well as joint
presence of psychiatric diagnosis were determined by a
forensic pathologist after evaluating autopsy results, cir-
cumstances of death, data from extensive toxicological
testing, police reports, family interviews, and medical
records. Controls were individuals who died suddenly (e.g.
cardiac failure, viral infection, or accidents) and did not
have evidence of axis-I disorders. See Supplementary Table
S1 for a complete description of sample selection, numbers,
and demographic characteristics of each cohort.

DNA methylation analysis
DNA methylation was measured using the Illumina

HumanMethylation450K BeadChip (‘Illumina 450K array’)
or Infinium MethylationEPIC BeadChip (‘Illumina EPIC
array’, one CER cohort) platform (Illumina Inc., San Diego,
CA, USA). To ensure consistency of the methodological
approach, raw DNA methylation data (idat files) were
recovered and each cohort was independently reanalysed,
applying the same quality control (QC) and pre-processing
pipelines. Briefly, QC checks, quantile normalisation, and
separate background adjustment of methylated and unme-
thylated intensities of type I and II probes were employed
using the wateRmelon package in R34. Probes on the X- and
Y-chromosomes were used to confirm sample sex. Only
samples which passed stringent QC measures (>1% of sites
with a detection P value (P) >0.01) were included. Probes
with a detection P > 0.01 in at least 1% of samples and/or a
beadcount <3 in 5% of samples, non-specific probes,
potentially cross-reactive probes, or probes near SNPs35,36

were removed across all samples. Only probes common to
both the 450k array and EPIC array were included in
downstream analyses for the CER. For the annotation of
probes, the University of California, Santa Cruz (UCSC)
RefGene name from Illumina’s annotation file and
enhanced annotation to the UCSC Known Gene were used.
All annotations used the human February 2009 (GRCh37/
hg19) assembly.

Estimating differential neuronal proportions
The R package (available at www.cran.r-project.org),

Cell EpigenoType Specific (CETS) mapper, designed for
the quantification and normalisation of differing neuronal
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proportions in genome-wide DNA methylation datasets
was used as previously described32 to estimate brain cel-
lular heterogeneity in each of the four PFC cohorts.
Similar estimates could not be obtained for the CER
cohorts as the algorithm for the correction of brain cel-
lular heterogeneity bias was developed using post-mortem
frontal cortex data and NeuN is not expressed in CER
purkinje neurons32.

Data analysis
Statistical analyses were performed using R statistical

package (version 3.4.3). The β-value is a ratio between
methylated probe intensity and total probe intensities
(sum of methylated and unmethylated probe intensities)
and ranges from 0 to 1. Linear regression was used to
examine differences in DNA methylation scores (repor-
ted as change in β-value (Δβ)) between suicide cases and
controls at each CpG site, controlling for potential
confounders. Covariates included in all models were age,
sex, and chip. We also included ethnicity or brain bank
as covariates in the model for those cohorts where that
information was available and represented a potential
source of variation. In the PFC cohorts only, we also
adjusted for estimated neuronal proportions. For one
study22, DNA methylation differences were investigated
across individual-matched cortical regions (Brodmann
area 11 (BA11), Brodmann area 25 (BA25)) by fitting a
linear mixed-effect model (LMM) using the lme4
R package (available at https://cran.r-project.org37).
Whereby, brain region and sample ID were included in
the model as random effects (‘within participants’ fac-
tors) while diagnosis, age, sex, PH, and cellular compo-
sition were included in the model as fixed effects.

Meta-analyses
Suicide completers versus non-psychiatric controls
The results obtained from the linear regression were

then meta-analysed for each brain region independently.
A fixed-effect model, using the ‘metagen’ function in the R
package ‘meta’, was applied by providing the regression
coefficients and standard errors from each individual
cohort to calculate weighted pooled estimates and to test
for significance. Experiment-wide significance (P < 1E-07)
(threshold estimated from permutation analysis in a larger
dataset (N= 675 individuals) generated previously by our
group38) was chosen as a multiple testing threshold to
determine statistically significant DNA methylation
changes.

Suicide completers versus non-suicide psychiatric controls
In order to assess whether the observed suicide-

associated DNA methylation changes identified in our
original meta-analysis were driven by the psychiatric
disorder comorbidity rather than being suicide-specific

changes, a second exploratory analysis was performed in
additional samples obtained from the CER datasets only,
which had additional non-suicide psychiatric samples
with DNA methylation data available (not included in the
primary analysis report here). In the second meta-analysis,
each CER cohort consisted of suicide cases (that were
included in the original meta-analysis) and psychiatric
controls, where individuals had a diagnosed axis-I dis-
orders (major depressive disorders (MDD), schizophrenia
(SZ), bipolar disorder (BD)) but had no documented
evidence of SB. In total, the secondary meta-analysis
included 130 samples (case group, N= 50; psychiatric
control group, N= 80). Results obtained from the linear
regression were then meta-analysed using a fixed-effect
model as described previously.

Region-based analysis
The results obtained from both the PFC and CER meta-

analyses were used to perform a regional-based analysis
using the Python module Comb-p39 to identify suicide-
associated DMRs. The Comb-p software groups spatially
correlated DMPs (seed P < 1E-03, minimum of three
probes) at a maximum distance of 500 bp in each brain
region. DMR P were corrected for multiple testing using
Šidák correction40.

Gene ontology term enrichment analysis
A previously described logistic regression approach41

was used to test if genes (Illumina UCSC gene annotation)
annotated to probes in our PFC and CER meta-analyses
(DMPs with P ≤ 1E-04) predicted pathway membership,
while controlling for the number of probes annotated to
each gene. Briefly, pathways were downloaded from the
Gene Ontology (GO) website (http://geneontology.org/)
and all genes annotated to parent terms were also inclu-
ded. Genes containing at least one Illumina probe and
annotated to at least one GO pathway were considered.
Pathways were filtered to those containing between 10
and 2000 genes and a list of significant (after correction
for multiple testing—Bonferroni correction) pathways
were identified as previously described41.

Functional follow-up of significant DNA methylation
findings
Tissue (N= 71) from two regions of the cortex, BA11

(N= 38) and BA25 (N= 33), collected from 20 MDD suicide
cases and 20 non-psychiatric sudden-death controls was
obtained from the Douglas Bell Canada Brain Bank (DBCBB)
(http://douglasbrainbank.ca/), further details are available in
ref. 22. Previously, our group performed DNA methylation
profiling in these samples22 and the results of that study were
included in this meta-analysis study. To examine whether
our identified suicide-associated DMR (PSORS1C3 DMR;
Chr6:31,148,370-31,148,553 (Hg19), 2694 bp downstream
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the TSS of PSORS1C3 gene) is associated with the expression
of nearby genes, we measured expression levels of two nearby
genes in these brain tissue samples. We tested for an asso-
ciation with gene expression firstly at the closest transcrip-
tion start site (TSS) gene—the lncRNA gene, PSORS1C3—
and then at the second closest gene, POU5F1 (see Supple-
mentary Fig. S1 for details).

Gene expression analysis
Thirty milligrams of frozen PFC tissue from each brain

sample was homogenised with Qiazol Lysis Reagent (Qia-
gen, Valencia, CA, USA), as per the manufacturer’s
instructions, before running it through a QIAshredder
(Qiagen, Valencia, CA, USA). Total RNA was extracted
using the Qiagen miRNeasy Mini column-purification sys-
tem and treated with DNase I as outlined by the manu-
facturer. The Agilent 2100 Bioanalyzer was used to check
the quality and concentration of the extracted RNA sam-
ples. One microgram of total RNA was reverse transcribed
into complementary DNA (cDNA) (20 μL reactions)
according to the manufacturer’s instructions using the
Invitrogen VILO cDNA synthesis kit (Life Technologies
Ltd, Paisley, UK). Three housekeeping genes Ubiquitin
Conjugating Enzyme E2 D2 (UBE2D2), Cytochrome C1
(CYC1), and Ribosomal Protein L13 (RPL13) identified
previously42 as being among the most stably expressed in
the brain were selected to normalise the target gene
expression. Next, quantitative RT-PCR was performed in
triplicate for each assay using the StepOnePlus Real-Time
PCR machine (Applied Biosystems, Foster City, Calif) and
pre-optimised Taqman gene expression assays (Applied
Biosystems, Foster City, Calif). A full list of the qPCR assays
used is given in Supplementary Table S2. PCR cycling
conditions were as follows: 50 °C for 2min, 95 °C for 20 s,
and 40 cycles of 95 °C for 10 s, and 60 °C for 20 s. We
undertook stringent QC of raw qPCR data, repeating
samples where there was high variability between triplicates
(Ct > 0.5). The abundance of each test gene was determined
by the comparative Ct method43, expressed relative to the
geometric mean of the three housekeeping genes. Data were
log2-transformed to ensure normal distribution and pre-
sented as a fold-difference in expression of suicide cases
relative to controls using the 2−ΔΔCT method. To assess
whether POU5F1 expression levels were associated with a
history of suicide, we used a LMM using the lme4 R
package (available at https://cran.r-project.org)37 where ΔCt
values of the target gene (POU5F1) was the response vari-
able. Brain region and sample ID were included in the
model as random effects (‘within participants’ factors) while
diagnosis, age, sex, and neuronal proportion were included
in the model as fixed effects. Finally, since 450K array data
were available from the same individuals, we examined the
correlation between gene expression levels and mean DNA
methylation levels at the DMR.

Reporter constructs
The PSORS1C3 DMR sequence was inserted into the

pCpGL-basic vector (see ref. 44 for details), which is
devoid of CpG sites and was generously provided by the
Rehli laboratory44. Briefly, the cleaned PSORS1C3 PCR
amplicon was inserted into a digested pCpGL-basic
plasmid using T4 ligase and buffer (Invitrogen, Cali-
fornia, USA). Ligated plasmids were transformed into
One Shot PIR1 E. coli (ThermoFisher Scientific, Massa-
chusetts, USA) to allow for monoclonal amplification of
the recombinant plasmids. For the transformation, 50 µl
of One Shot PIR1 E. coli was used, including a negative
ligation control and a positive transformation control
(pUC19) using standard procedures.
Clones were subsequently checked by clonal PCR,

restriction digest using BglII and NcoI and Sanger
sequencing (see Supplementary Fig. S2) to confirm the
DMR had been inserted in the correct orientation. The
pCpGL construct was methylated in vitro using M.sssI
methyltransferase (New England Biolabs, Massachusetts,
USA) in the presence of S-adenosylmethionine (SAM)
following the manufacture’s protocol. An empty pCpGL-
basic vector was also methylated to act as a control. To
confirm successful methylation, the plasmids underwent
digestion with the methylation sensitive enzyme HpaII
(see Supplementary Fig. S3).
Cell culture and transfections in HEK293 cells were

cultured in Dulbecco’s modified Eagle’s medium (þ4.5 g
l_1 D-glucose, L-glutamate, pyruvate) (Gibco) with 10%
foetal bovine serum (Gibco) at 37 °C and 5% CO2. Briefly,
2 × 105 cells were seeded in six-well plates. The following
day media was removed, the cells washed with PBS, and
1.5 ml of fresh growth media was added. Five hundred
nanograms of PSORS1C3 or pCpGL plasmid and 100 ng
of pGL4.74[hRluc/TK] reporter control vector (Promega,
Wisconsin, USA) were diluted in 500 µl of Opti-MEM
reduced serum media (Gibco, Massachusetts, USA) in an
Eppendorf and left to equilibrate for 5 min at room
temperature. In all, 4.5 µl of Lipofectamine LTX Reagent
(ThermoFisher Scientific, Massachusetts, USA) was then
added to each Eppendorf and incubated for 30min at
room temperature. Following incubation, 500 µl of LTX
plasmid mix was added to the HEK293 cells in six-well
plates. Cells were then incubated at 37 °C, 5% CO2, for
24 h to allow expression of firefly and Renilla luciferases.

Dual-luciferase assay
Twenty-four hours following transfection a dual-

luciferase reporter assay (Promega, Wisconsin, USA)
was carried out to measure the expression of firefly luci-
ferase and Renilla luciferase in the transfected cells as per
the manufacturers’ instructions. Each experiment con-
tained three technical repeats and the experiment was
repeated three times. The injections and light absorbance
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were carried out automatically using the pherastar plate
reader. The average firefly luciferase activity was calcu-
lated by averaging absorbance readings between 2 and
10 s. The average Renilla luciferase activity was calculated
by averaging absorbance readings between 14 and 22 s.
Data analysis was carried out as described in ref. 45. All
data are presented as a normalised firefly luciferase
activity relative to Renilla luciferase. Fold change
expression was calculated by dividing the unmethylated
normalised firefly luciferase activity by the respective
methylated normalised luciferase activity. A Student’s
T-test was used to compare the methylated versus
unmethylated vectors.

Results
Suicide-associated DMPs in human cortex and cerebellum
An overview of the methodological approach used in this

study is given in Supplementary Fig. S4. We identified one
DMP (cg00963169) in the PFC, which reached experiment-
wide significance (P= 3.30E-08 (Fig. 1a)). The effect size at
this CpG site, located downstream of exon 1 of the neuron-
specific protein coding gene, ELAV-like RNA binding pro-
tein 4 (ELAVL4), was largely consistent across all cohorts
included (see Supplementary Fig. S5), showing hypomethy-
lation in suicide cases relative to controls. Interestingly, the
20 most significant (P < 5E-05) suicide-associated differen-
tially methylated loci identified in the PFC, listed in Sup-
plementary Table S3, include probes in the vicinity of several

loci previously implicated in psychiatric phenotypes. In the
CER, six probes (cg14392966, cg17855963, cg25590492, cg
12284382, cg10757978, cg04525580) passed the experiment-
wide significance threshold (P < 1E-07) (Fig. 1b). Of interest
the top-ranked DMP, cg14392966 (P= 3.06E-11), which is
located within the coding region (exon 1) of the PUS3 gene
on Chr11, has been previously associated with severe neu-
rodevelopmental disorders46. Supplementary Figure S6
shows that this DMP is hypomethylated in two of the three
cohorts in suicide cases compared to healthy controls. A list
of the top 20 DMPs in the CER is provided in Supplementary
Table S4.

Region-based analysis of altered DNA methylation in
suicide completers
We used the python module, Comb-p39, to identify

DMRs in suicide cases compared to controls in each brain
region. The regional analysis identified three and eight
significant (Sidak-corrected P < 0.05) DMRs in the PFC
and CER, respectively (see Table 1 for details). In the PFC,
the top-ranked DMR was found within the WRB gene
(Sidak-corrected P= 5.11E-06) and was consistently
hypomethylated across all five CpG sites in suicide cases
relative to controls, in all four PFC methylomic studies
(Fig. 2). Of interest, the second top-ranked suicide-asso-
ciated DMR in the PFC (Sidak-corrected P= 3.81E-05)
was located downstream of the promoter region of
the PSORS1C3 non-coding gene, a DMR previously

Fig. 1 Suicide-associated DMPs in human cortex and cerebellum. Manhattan plot showing site-specific genome-wide pattern of DNA
methylation in a the human prefrontal cortex (PFC) and b the human xerebellum (CER). One CpG site was identified as differentially methylated
between suicide cases and healthy controls at experiment-wide significant (P= 1E-07) in the PFC. Six CpG sites were identified as differentially
methylated between suicide cases and healthy controls at experiment-wide significant (P= 1E-07) in the CER.
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reported by our group as associated with MDD suicide
completers22.
In the CER, the top-ranked suicide-associated DMR was

identified on chromosome 22, distributed along the
intronic region of the CERC2 gene and spanning 4 CpG
sites. The CERC2-associated DMR (Fig. 3) showed sig-
nificant hypermethylation (Sidak-corrected P= 5.68E-07)
across all 4 CpG sites within the region in suicide cases
compared with controls. The direction of this change was
found to be consistent across all 3 CER methylomic
studies.

Pathway analysis
The biological relevance of our findings was investigated

through gene ontology analysis on genes annotated to
suicide-associated DMPs (P ≤ 1E-04). Results revealed an
enrichment of DNA methylation alterations in genes
involved in cognitive processes such as long-term synaptic
depression and brain development (See Supplementary
Table S5 and S6).

Suicide-associated DMPs identified in the CER are largely
independent of comorbid psychiatric disorders
In order to disentangle the relative contribution of

psychopathologies from DNA methylation changes spe-
cific to suicide, we performed an additional meta-analysis
in the CER whereby all the non-psychiatric controls
initially included in our meta-analysis were excluded and
individuals with documented Axis-I psychiatric disorders
(MDD, SZ, BD) and who died by suicide were compared
to psychiatric cases without a documented history of SB/
suicide fatalities (3 cohorts, N= 130, cases N= 50, con-
trols N= 80). Comparison of the results (effect sizes at the
top 500 (P < 0.05) DMPs) from our original CER meta-

analysis and the secondary analysis (Supplementary
Fig. S7) revealed a strong positive correlation (P= 2.2E-
16; R= 0.89). Moreover, 2 of the 6 CER-associated DMPs
(P < 1E-07) were nominally significantly differentially
methylated in our suicide cases versus psychiatric controls
analysis (cg10757978, P= 1.19E-04; cg04525580, P=
0.017) (see Supplementary Table S7 for details) and a
similar direction of effect was observed for both analyses
for the remaining 4 CER-associated DMPs. We were
unable to perform the same analysis in the PFC due to
lack of samples from individuals with an axis-I diagnosis
who did not die by suicide.

Functional validation and gene expression analysis of the
PSORS1C3 DMR
Given our replication of a PSORS1C3 DMR in suicide22

we aimed to functionally evaluate its effect on the
expression of nearby genes. First, we examined the effect
of DNA methylation at the suicide-associated DMR on
nearby gene expression using a CpG-Free Luciferase
Reporter (pCpGL vector) gene assay47. Next, we examined
gene expression levels of nearby annotated genes
(PSORS1C3 and POU5F1) in a subset of samples for
which brain tissue was available (two brain regions (BA11
and BA25, N= 70; suicide cases (N= 36), non-psychiatric
controls (N= 34)) and examined the correlation between
expression levels of our selected target genes and mean
DNA methylation at the suicide-associated DMR.
We found a marked increase in the relative expression

of firefly luciferase activity normalised to Renilla luciferase
in the unmethylated PSORS1C3 cloned pCpGL vector
compared to the methylated vector (Fig. 4) (fold change
= 206, P= 0.006, N= 3). Next, we quantified gene
expression levels of the PSORS1C3 long non-coding gene

Table 1 Comb-p differentially methylated region (DMR) analysis.

Brain region Hg19 Annotated gene (UCSC) No. of probes Slk P value Sidak P value

PFC chr21:40759534-40759695 WRB 5 2.02E-09 5.11E-06

chr6:31148370-31148553 PSORS1C3 10 1.71E-08 3.81E-05

chr22:38071168-38071189 LGALS1 3 3.37E-08 0.0006529

CER chr22:17956453-17956561 CECR2 4 1.55E-10 5.68E-07

chrX:79590789-79590956 CHMP1B2P 4 3.74E-09 8.84E-06

chr13:99100506-99100587 FARP1 3 2.68E-09 1.31E-05

chr6:31838402-31838529 SLC44A4 5 2.68E-08 8.32E-05

chr3:149374761-149374915 WWTR1 3 7.56E-08 0.0001938

chr12:116756805-116756949 MED13L 3 8.64E-08 0.0002369

chr1:1846046-1846155 CALML6 3 9.40E-08 0.0003406

chr11:2397486-2397686 CD81-AS1 4 2.10E-06 0.004138

CER cerebellum, PFC prefrontal cortex, Hg19 human genome version 19, UCSC University of California, Santa Cruz Human Genome Browser. Stouffer-Liptak-Kechris
correction (slk); one-step Siidak (1967) multiple testing correction.
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in a cohort of 70 post-mortem brain samples (BA11, N=
38; BA25, N= 32, both regions obtained from the same
individuals). Our analysis showed that in our sample set,
PSORS1C3 lncRNA was not expressed in the PFC
(Ct Value >31 or undetermined). This result is con-
sistent with findings in Genotype-Tissue Expression
(GTEx) portal48 (https://www.gtexportal.org/home/
gene/PSORS1C3), which shows little to no expression
for this gene in brain samples examined. Next, we
examined expression levels of the second closest gene
(POU5F1) to the suicide-associated DMR. An LMM was
used to compare mean dCt values between suicide cases
and non-psychiatric controls and the analysis showed no
significant difference in gene expression levels between
the two groups (P= 0.598; Supplementary Fig. S8A).

Furthermore, we found no significant correlation
between mean DNA methylation at the suicide-
associated region PSORS1C3 DMR and POU5F1 gene
expression levels (Pearson’s R=−0.04, P= 0.67; Sup-
plementary Fig. S8B).

Discussion
In this study, we utilised previously published and

unpublished methylomic datasets to perform a meta-
analysis of variable DNA methylation in the brain of
suicide completers. DNA methylation data were available
for two different brain regions (PFC: 4 cohorts, N= 211;
CER: 3 cohorts, N= 114) and data were meta-analysed
across the suicide cohorts for each brain region separately.
To our knowledge, this represents the most extensive

Fig. 2 Suicide-associated differentially methylated region (DMR) in human Prefrontal cortex (PFC). Plot showing the top-ranked DMR in the
PFC. This DMR, spanning 5 CpG sites and located in the promoter region of the WRB gene (Sidak-corrected P= 5.11E-06), was found consistently
hypomethylated in suicide cases compared to healthy controls, across all 4 suicide brain cohorts. The solid line is for illustration purposes and not
indicative that the CpG sites between sites are also methylated.
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methylomic study of suicide completers using post-
mortem brain tissue to date.
While several studies suggest the involvement of the

PFC in SB22,49–51, suicide-associated epigenetic changes in
the CER have not been investigated. However, the CER is
known to play an important role in motor control, cog-
nition, and emotional processing and is involved in a
variety of psychiatric disorders, including depression,
bipolar disorder, and schizophrenia52. Suicidal behaviour
in those with depression has been associated with a
decreased cerebellar volume53 and low regional cerebral
blood flow in the cerebellum54. Moreover imaging studies
have reported structural abnormalities associated to sui-
cide attempt in MDD in cortical and subcortical regions,
including cerebellum55 and alterations in functional

cerebellum networks were found in depressed patients
with a suicide attempt history56. Altogether these studies
support the hypothesis of a potential involvement of CER
in the psychopathology of attempted suicide in patients
with MDD. We set out to further explore the role of DNA
methylation and suicidality in this region as well as to
determine if suicidality associated DNA methylation
changes are brain region specific.
We first examined site-specific genome-wide patterns of

DNA methylation in suicide cases compared with controls
in the PFC and CER separately. We identified one DMP
(cg00963169, P= 3.30E-08) in the PFC, which reached
experiment-wide significance. This probe, located in the
intronic region of the ELAVL4 gene, shows consistent
hypomethylation in suicide cases compared to controls.

Fig. 3 Suicide-associated differentially methylated region (DMR) in human Cerebellum (CER). Plot showing the top-ranked DMR in the CER.
This DMR, spanning 4 CpG sites and located within the coding region of the CECR2 gene (Sidak-corrected P= 5.68E-07), was found consistently
hypermethylated in suicide cases compared to healthy controls, across 3 suicide brain cohorts. The solid line is for illustration purposes and not
indicative that the CpG sites between sites are also methylated.
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The ELAVL4 gene has a known role in translation and
stabilisation of mRNA, especially in the brain, and acts as
a negative regulator of proliferation, activity, and differ-
entiation in neural stem cells57,58. Through their mRNA
stabilising activities, this family of proteins modulate
neuronal development and maintenance, and their altered
activity has been implicated in neurological conditions59

and disorders including Alzheimer’s disease60, schizo-
phrenia61, and autism62. Of interest, the association with
suicide at this site was found to be largely driven by PFC
cohorts derived from neuronal nuclei (see Supplementary
Fig. S5) and thus future replication of this finding in
sorted neuronal cells may yield more significant associa-
tions with suicide.
In the CER, we identified six probes (cg14392966,

cg17855963, cg25590492, cg12284382, cg10757978, cg
04525580) at experiment-wide significance threshold (P <
1E-07). The top-ranked DMP, cg14392966 (P= 3.06E-11), is
located in exon 1 of the PUS3 gene. PUS3 encodes a highly
conserved enzyme responsible for post-transcriptional
modification of tRNA and has previously been associated
with intellectual disability63 and severe neurodevelopmental
disorders46. The remaining DMPs include probes in the
vicinity of several loci previously implicated in pathways
relevant to psychiatric phenotypes. For example, ZIC1 is
thought to play an important role in neurogenesis and cer-
ebellum differentiation64, whereas RASD2 is known to
modulate dopaminergic neurotransmission65. Furthermore,

the probe cg04525580 (P= 9.08E-08) is located at the 5′
UTR of the interferon regulatory factor 2 (IRF2) gene. This
locus plays an important role in transcriptional activation at
promoters66 and regulates the expression of a variety of
genes involved in immune responses in the brain67, further
supporting a role for immune-related pathways in suicide.
To increase the power of our study to identify changes

in DNA methylation between cases and controls and
given that DNA methylation at adjacent probes is often
correlated, we employed the regional-based analysis,
Comb-p, to identify DMRs. Our analysis identified three
and eight significant (Sidak-corrected P < 0.05) DMRs in
the PFC and CER, respectively. In the PFC, the top-ranked
DMR, located in intron 1 of the WRB gene, is consistently
hypomethylated across all five CpG sites in suicide cases
relative to controls, in all cohorts. Recent studies suggest a
role for Wrb in photoreceptor synaptic transmission in
zebrafish68 and the WRB locus was reported among the
differentially expressed genes in a mouse model study
looking at cognitive impairment and neuropathology in
Down syndrome brain69 further supporting the hypoth-
esis of its involvement in the correct development and
functioning of the CNS.
The second top-ranked suicide-associated DMR in the

PFC (Sidak-corrected P= 3.81E-05) was located down-
stream the promoter region of the PSORS1C3 non-coding
gene, a DMR previously reported by our group as asso-
ciated with MDD suicide completers22. Although the

Fig. 4 Methylation of the PSORS1C3 cloned pCpGL vector significantly reduces luciferase activity. There is a significant increase in firefly
luciferase expression when normalised to Renilla luciferase, the normalised expression ratios of firefly activity increases to 3.81 when unmethylated
versus 0.0269 when methylated in vitro (Students t-test, P= 0.0057, n= 3) which corresponds to a 206-fold change increase in luciferase activity in
the unmethylated PSORS1C3 cloned vector compared to the methylated identical vector. N= 3 experimental repeats with each experiment
containing three technical repeats. Error bars represent ± the standard error.
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function of this gene product remains unclear, it is
thought to be a potential regulator of nearby immune-
related genes70 and is a known risk gene for psoriasis71,72,
supporting a role in immune system regulation. To gain
further insight into the role of this suicide-associated
PSORS1C3 DMR on nearby gene expression, we first used
a dual-luciferase assay to determine if DNA methylation
at this region decreases expression of firefly luciferase in a
CpG-free vector. The methylated PSORS1C3 DMR con-
struct was significantly associated with decreased
expression of the reporter gene product, indicating that
the methylation status of this DMR has the potential to
modify promoter activity; however, the identity of the
modified gene product is unknown. We found no evi-
dence of suicide-associated differential gene expression of
nearby genes, PSORS1C3 and POU5F1, in the PFC. We
hypothesise that DNA methylation changes at this
suicide-associated DMR are associated with a different
nearby gene or an unknown splice variant of either the
PSORS1C3 or POU5F1 genes. Finally, an additional DMR
was identified in the PFC, located on chromosome 22, in
the promoter region of the LGALS1 gene. This gene is
thought to play a role in immune system functioning65

and DNA methylation changes at this locus have pre-
viously been implicated in schizophrenia33.
In the CER, the top-ranked suicide-associated DMR,

located in the intronic region of the CERC2 gene on
chromosome 22, spans four CpG sites. This locus is
known to be involved in the control of the periodic
oscillation of cyclin E expression in proliferating cells likely
through its histone deacetylase activity73. The CERC2-
associated DMR showed significant hypermethylation
(Sidak-corrected P= 5.68E-07) across all four CpG sites
within the region in suicide cases compared with controls
and the direction of this change was found to be consistent
across all three independent CER methylomic studies. To
the best of our knowledge, this gene has not been pre-
viously implicated in the pathology of SB. Seven additional
suicide-associated DMRs were identified in the CER. Of
interest is the DMR located in exon 10 of the SLC44A4
gene; a gene recently implicated in a study looking at the
role of the major histocompatibility complex region in
schizophrenia susceptibility74. An additional suicide-
associated DMR, worthy of further investigation, is loca-
ted in exon 3 of the WWTR1 gene, a transcriptional
coactivator known for its role in preserving neuronal
health75. Furthermore, a missense variant in this gene was
recently associated with lower cognitive ability in a GWAS
study for infant mental and motor ability76. Finally, we
identified a suicide-associated DMR located downstream
the promoter region of MED13L gene and genetic variants
at this locus have been widely reported as associated with
intellectual disability77,78, suggesting that this gene may
play an important role in neurological development.

Since SB is often a complication of a psychiatric dis-
order, distinguishing suicide diathesis-related DNA
methylation changes from those associated with mood
disorders and other psychiatric disorders has remained a
challenge. In order to unravel the relative contribution of
psychopathologies from DNA methylation changes spe-
cific to suicide, we performed an additional meta-analysis
in the CER whereby individuals with documented Axis-I
psychiatric disorders (MDD, SZ, BD) and who died by
suicide were compared to psychiatric cases without a
documented history of SB. Comparison of the results
(effect size of the top 500 nominally significant (P < 0.05)
DMPs) from our original CER meta-analysis and the
secondary analysis revealed a strong positive correlation
(P= 2.2E-16; R= 0.89). Moreover, we replicated our
findings for two of the six CER-associated DMPs, which
reached multiple testing threshold in our suicide cases
versus psychiatric controls meta-analysis (cg10757978,
P= 1.19E-04; cg04525580, P= 0.017) and we observed
similar direction of effect for the remaining loci. Taken
together these findings suggest that suicide-associated
DMPs identified in the CER are largely independent of
comorbid psychiatric disorders. Unfortunately, we were
unable to perform the same analysis in the PFC due to the
limited number of samples that did not die by suicide but
had an Axis-I diagnosis.
Despite the power of the methodological approaches

used in this study, there are several caveats. First, the
modest number of studies included made this meta-
analysis relatively underpowered to detect small changes
in DNA methylation. Despite this we were able to identify
several statistically significant DMPs and DMRs in both
brain regions. Another major limitation is that bulk brain
tissue was used in most of the studies included in our
meta-analysis and cellular heterogeneity is a well-known
confounder in DNA methylation studies. In order to
bypass this issue, we used a previously reported in silico
method to estimate the neuronal proportion in each
sample in bulk PFC cohorts and included these estimates
in the statistical models32. This method could not be
applied to our analysis of the CER and thus it is plausible
that cellular heterogeneity is confounding some of our
CER results. Third, recent research has implicated
the importance of other DNA modifications (i.e., 5-
hydroxymethyl cytosine) in the brain79. Our measure of
DNA methylation in this study cannot be distinguished
from 5-hydroxymethyl cytosine (5hmC). Of interest, we
examined the presence of detectable 5hmC levels at sta-
tistical significant DMPs identified in this study in their
respective brain regions using the Hydroxymethylation
Annotation in Brain Integrative Tool (HABIT) tool
(http://epigenetics.iop.kcl.ac.uk/HMC/)41. This tool iden-
tified detectable levels of 5hmC at the following suicide-
associated DMPs cg00963169 (PFC), and cg17855963 and
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cg04525580 (CER), suggesting that the majority of DMPs
identified in this study are not confounded by 5hmC.
However, future studies should attempt to examine the
role of 5hmC in SB. Fourth, medication data, smoking
information, and method of suicide were not available for
all individuals; thus, we cannot rule out the possibility that
the observed DNA methylation changes are influenced by
these potential confounders.
Fifth, we acknowledge the possibility that many of the

associations reported (DMPs/DMRs) could be related to
the severity and/or duration of the mental health disorder.
From our secondary analysis in the cerebellum we show
that for certain top-ranked DMPs the association appears
to be suicide associated rather than associated with the
underlying mental health disorder. Given the lack of
information related to severity and/or duration of mental
illness for samples included in this meta-analysis we
cannot rule out the contribution of the above-mentioned
confounders.
Finally, although our study presents evidence for novel

DNA methylation changes associated with suicide, further
replication using a larger sample size is required to sup-
port these results. In addition, future studies could also
examine the transcriptional consequences of the observed
DNA methylation changes at the PSORS1C3 DMR on
additional nearby genes and/or novel splice variants in the
region. There is considerable interest in using DNA
methylation-based biomarkers as predictors for suicide
risk and previous studies30,80–84 have identified poly-
morphic CpGs that can act as a unique molecular sig-
nature for suicide prediction. The data from this study
provide many more candidate regions as potential bio-
markers for suicide risk and also identifies genes/networks
potentially dysregulated in suicidal brain.
In summary, our data, which utilise several published

and unpublished suicide cohorts, have identified DMPs
and several DMRs associated with suicide in both the
PFC and CER, including the previously identified DMR
upstream of the PSORS1C3 non-coding gene. We show
that this DMR can influence gene expression using a dual-
luciferase assay, but we have yet to identify its target gene.
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ABSTRACT

Increased understanding of the functional complexity of the genome has led to growing recognition about the role 
of epigenetic/transcriptional variation in health and disease. Current analyses of the human brain, however, are 
limited by the use of “bulk” tissue, comprising a heterogeneous mix of different neural cell types. Because 
epigenetic processes play a critical role in determining cell type-specific patterns of gene regulation it is important 
to consider cellular composition in regulatory genomic studies of human post-mortem tissue, and there is a need 
for methods to purify populations of specific cell-types. Furthermore, the valuable nature of human post-mortem 
tissue means it is important to use methods that maximize the amount of genomic data generated on each 
sample. This protocol describes a method that uses fluorescence-activated nuclei sorting (FANS) to isolate and 
profile nuclei from multiple different human brain cell-types from frozen post-mortem tissue. This protocol can be 
used to robustly purify populations of neuronal (NeuN+ve), oligodendrocytes (SOX10+ve), microglia (IRF8+ve) and 
other glial origin nuclei (NeuN-ve/SOX10-ve/IRF8-ve) from adult post-mortem frozen brain, with each tissue 
sample yielding purified populations of nuclei amenable to simultaneous analysis of i) DNA modifications (via 
bisulfite sequencing / array), ii) histone modifications (via CUT&Run-seq), iii) open chromatin analysis (via ATAC-
seq), and iv) gene expression (via RNA-seq).      
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PROTOCOL INTEGER ID

42266

MATERIALS TEXT

SupplierSupplier Catalogue NoCatalogue No

BD FACSAr ia™ I I I  Cell SorterBD FACSAr ia™ I I I  Cell Sorter BD Biosciences 648282-23

Sorvall WX 80+ Ultracentr ifugeSorvall WX 80+ Ultracentr ifuge Thermo Scientific™ 75000080

7mL Dounce Tissue Gr inder7mL Dounce Tissue Gr inder DWK Life Sciences 357542

PA Thin-walled ultracentr ifugePA Thin-walled ultracentr ifuge
tubestubes

Thermo Scientific 03699

 

Reagent nameReagent name SupplierSupplier CatalogueCatalogue
NoNo

D-Sucrose (Molecular Biology) Fisher Scientific 10638403

Calcium chloride (CaCl2) anhydrous, granular Sigma-Aldrich C1016-100G

Magnesium acetate ( Mg(Ace)2), 1M aq. soln Alfa Aesar J60041

UltraPure™ 0.5M EDTA, pH 8.0 Invitrogen 15575020

UltraPure™ 1M Tris-HCI Buffer, pH 8.0 Fisher Scientific 15568025

1,4-Dithiothreitol (DTT) - crystalline powder Sigma-Aldrich 3483-12-3

Triton™ X-100 Sigma-Aldrich T9284

UltraPure™ DNase/RNase-Free Distilled Water
(ddH20)

Fisher Scientific 12060346

Bovine Serum Albumin (BSA) Sigma-Aldrich A9647-500G

PBS Phosphate-Buffered Saline (10X) pH 7.4 Fisher Scientific 10722497

RNasin® Plus RNase Inhibitor Promega PAN2615

TRIzol™ LS Reagent Invitrogen™ 11588616

BD FACSDiva CS&T Research Beads BD biosciences 655051

BD FACS™ Accudrop Beads BD biosciences 345249

BD FACSFlow™ Sheath Fluid 20L BD Scientific 342003

BD FACS Clean Solution BD Scientific 15875858

BD FACSRinse Solution BD Scientific 340346
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Lysis Buffer  (LB)Lysis Buffer  (LB)

0.32M Sucrose              5.47 g     

5mM   CaCl2                 250 µL   

3mM Mg(Ace)2              150 µL    

0.1mM EDTA                   10 µL  

10mM Tris-HCl, pH 8     500 µL    

1mM DTT                        17 µL   

0.1% Triton X-100           50 µL

Adjust with ddH2O to  50 mL     

1.8M Sucrose Solution (SS)1.8M Sucrose Solution (SS)

1.8M Sucrose                   30.78 g

3mM Mg(Ace)2                  150 µL

1mM DTT 17 µL

10mM Tris-HCl, pH8          500 µL

Adjust with ddH2O to 50 mL

5% BSA Solution (BB)5% BSA Solution (BB)

BSA                                                           200 mg

Dissolve in 1x PBS  4 mL                           

Optional: RNasin® Plus RNase Inhibitor 2 µL / 1mL

Staining Buffer  (SB)Staining Buffer  (SB)

5% BSA 400 µL

10X PBS 400 µL

ddH2O          3.2 mL  

 

 
 

SupplierSupplier Thermo Scientific™

ModelModel Sorvall™ WX 80+

RotorRotor TH-641

SpeedSpeed 25,200 RPM / 108670.8 x g

AccelerationAcceleration 9

DecelerationDeceleration 5

TemperatureTemperature 4°C
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ABSTRACT

AntibodyAntibody PreconjugatedPreconjugated SupplierSupplier Cat NoCat No DilutionDilution

Hoechst 33342 -- Abcam ab228551 1:500

Anti-SOX10 to NL577 R&D systems NL2864R 1:10

Anti-NeuN to Alexa Fluor488 Millipore MAB377X 1:1000

Anti-IRF8 to APC Invitrogen 17-9852-82 1:150

 

 

  

 

Ta ble 5Ta ble 5 : List of antibodies required for FANS protocol

F igure S1. F igure S1. Schematic overview showing the array of downstream applications for which FANS-processed nuclei are suitable

Increased understanding of the functional complexity of the genome has led to growing recognition about the role 
of epigenetic/transcriptional variation in health and disease. Current analyses of the human brain, however, are 
limited by the use of “bulk” tissue, comprising a heterogeneous mix of different neural cell types. Because 
epigenetic processes play a critical role in determining cell type-specific patterns of gene regulation it is important 
to consider cellular composition in regulatory genomic studies of human post-mortem tissue, and there is a need 
for methods to purify populations of specific cell-types. Furthermore, the valuable nature of human post-mortem 
tissue means it is important to use methods that maximize the amount of genomic data generated on each 
sample. This protocol describes a method that uses fluorescence-activated nuclei sorting (FANS) to isolate and 
profile nuclei from multiple different human brain cell-types from frozen post-mortem tissue. This protocol can be 
used to robustly purify populations of neuronal (NeuN+ve), oligodendrocytes (SOX10+ve), microglia (IRF8+ve) and 
other glial origin nuclei (NeuN-ve/SOX10-ve/IRF8-ve) from adult post-mortem frozen brain, with each tissue 
sample yielding purified populations of nuclei amenable to simultaneous analysis of i) DNA modifications (via 
bisulfite sequencing / array), ii) histone modifications (via CUT&Run-seq), iii) open chromatin analysis (via ATAC-
seq), and iv) gene expression (via RNA-seq).      

Nuclear prep for FACS separation (using SOX10, IRF8, NeuN and Hoechst)Nuclear prep for FACS separation (using SOX10, IRF8, NeuN and Hoechst)

1 The protocol below yields at least 1,000,000 NeuN +ve, 1,000,000 SOX10 +ve, 400,000 IRF8 +ve (when the population is 

present) and 200,000 triple negative (NeuN-ve/SOX10-ve/IRF8-ve) nuclei per 500 mg500 mg  of frozen human post-

mortem cortex tissue. Recovery might vary from sample to sample due to high inter-sample variability (brain collection, 
cortex sub-areas, fat content of tissue sectioned, and white to grey matter ratio)

Refer to Materials-Table  1Table  1  for details about the equipment required and to Materials-Table  2 Table  2 for specifications of 
reagents required. 

1.1 Solution and buffer prepsSolution and buffer preps  
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Lysis Buffer (LB)
Sucrose Solution (SS)
Staining Buffer (SB)

Solutions should be kept at 4 °C4 °C   or On iceOn ice . Refer to Materials-Table   3Table   3   for  recipes of 

solutions and buffers. 

NOTE 1 NOTE 1 – LB and SS can be prepared a week in advance, with DTT added on the day of use. 

Solutions should be stored at 4 °C4 °C once made.

NOTE 2NOTE 2  – SB should be prepared fresh each day

NOTE 3NOTE 3 - Samples are homogenised as bulk tissue using a 6 mL6 mL  Dounce homogeniser and 

then equally divided into three ultracentrifuge tubes.

1.2 Nucle i  isolat ionNucle i  isolat ion
1.Pre-cool the ultracentrifuge to 4 °C4 °C  00:30:0000:30:00  before starting this stage of the protocol.

2.All buffers and the Dounce homogenisers should be pre-cooled on ice.
4.Add 1mM DTT to the SS and LB according to the recipe (i.e. 17µL per 50 mL of SS/LB)
5.Transfer 3 mL LB to the homogeniser per 500mg human brain tissue
6.Add the dissected tissue sample into the homogeniser
7.Wait 3-5 minutes before douncing the tissue to allow the sample to defrost

To reduce heat caused by friction, the Dounce homogenisation step should be performed on ice with 
gentle strokes, and care should be taken to avoid foaming.

NOTE 1NOTE 1  – Using the "TIGHT" pestle helps reduce the number of strokes required to reach full 
tissue disruption.

NOTE 2NOTE 2  - The number of strokes required to fully homogenise the tissue may vary between 
samples due to heterogeneity in cellular composition, lipid content, and the amount of connective 
tissue.
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8.Transfer 8 mL SS (1.8M) to PA thin-walled ultracentrifuge tubes 
9.Carefully overlay with tissue homogenate (1 mL per tube) - using a P1000 pipette, releasing slowly 
down the side of the tube
10.Overlay with another 1 mL LB – do not worry about disrupting the  homogenate phase
11.Balance opposite tubes by weight with 1x PBS using a fine microbalance

12.Perform ultracentrifugation for 00:45:0000:45:00 (see Table  4Table  4  for centrifuge specification and 

conditions)

F igure 1 F igure 1 Example of brain tissue sample A) A) only partially homogenised B )B )  complete homogenisation.

1.3 After Ultracentri fugation stepAfter Ultracentri fugation step   

1. Aspirate supernatant leaving 1-2 mL of the solution in the tube along with the pellet.
2. Pour off any remaining supernatant, taking care not to dislodge the pellet (90-degree inclination of 

the tube). If the pellet is hard to see, it is okay to leave 100-200 µL solution in the ultracentrifuge 
tube

3. Re-suspend pellet in SB (1 mL), gently pipette up and down

4. Let samples sit on ice for 00:15:0000:15:00 at  least at  least  (Blocking stepBlocking step )

5. Transfer volume into 2 mL tubes
6. Rinse out ultracentrifuge tubes in order to maximise nuclei collection by adding 1 extra mL of SB per 

tube, pipetting up and down several times, and transferring into the 2 mL tubes

7. Washing step: Washing step:  1.0 x g1.0 x g  for 00:05:0000:05:00 , Room temperatureRoom temperature

8. Discard supernatant (pipetting off gently)
9. Re-suspend each nuclei pellet in fresh SB (500 µL)

10. If the sample was split then pool together pellets from the same sample (Final Volume = 1.5 mL)
11. Add DNA dye (Hoechst, 2 µL/1 mL) and mix thoroughly via inversion.
12. Pipette out 200 µL of nuclei solution for the Unstained Control (Hoechst dye only) and transfer to a 

new 2 mL tube
13. Bring the volume up to 1 mL for the Unstained tube with fresh SB
14. Replace the 200µL taken from the Stained" tube with 200µL of fresh SB  (Final Volume = 1.5 mL)

1.4 ImmunostainingImmunostaining

1.Add the following three antibodies (Ab) to Stained tube (1.5ml): 
       

6 10/06/2020

Cita tion :Cita tion :  Stefania S Policicchio, Jonathan P Davies, Barry Chioza, Joe Burrage, Jonathan Mill, Emma L Dempster (10/06/2020). Fluorescence-activated nuclei sorting
(FANS) on human post-mortem cortex tissue enabling the isolation of distinct neural cell populations for multiple omic profiling.
https://dx.doi.org/10.17504/protocols.io.bmh2k38e 

This is an open access protocol distributed under the terms of the Crea tive Com m ons Attribution  LicenseCrea tive Com m ons Attribution  License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited

https://dx.doi.org/10.17504/protocols.io.bmh2k38e
https://creativecommons.org/licenses/by/4.0/


       SOX10 pre-conjugated antibody (1:10 dilution) – [150 µL Ab]
       NeuN Alexa488 (1:1000) – [2 µL Ab ]
       IRF8 pre-conjugated antibody (1:150) - [10µL Ab]

Refer to Table  5Table  5   for specifications of the antibodies used 

2.Incubate tubes for 01:30:0001:30:00  on the rotor (speed=14 max) at 4 °C4 °C , keeping the tubes in the 

dark

3.Washing step: 1.0 x g1.0 x g for 00:05:0000:05:00 , Room temperatureRoom temperature  (both "Stained" and 

"Unstained" tubes)
4.Discard supernatant (by pipetting off)
5.Re-suspend in fresh SB (1 mL for the Unstained tube, 1.5-2 mL for the Stained tube - depending on 
pellet size)

Fluorescence-Activated Nucle i  Sort ing (FANS)Fluorescence-Activated Nucle i  Sort ing (FANS)

2 For machine start-up, CST and Accudrop calibrations refer to  BD FACSAria III User’s Guide for guidance and 
troubleshooting. The following instructions describe FANS using BD FACSAria III. Other FACS platforms can be used 
but might require modifications to the protocol.

2.1 General  Gating ParametersGeneral  Gating Parameters

For each sample, load stained and unstained tubes individually for data acquisition. A preliminary 
qualitative analysis of the data acquired is essential to select the appropriate gating strategy to 
maximize the nuclei capture while excluding unnecessary debris  and to ensure optimal signal/noise 
ratio.

Gating Parameters (X-axis:Y-axis):

FSC-A:SSC-A (Size, cell granularity or internal complexity)
SSC-W:SSC-A (to gate out doublets)
FSC-A:DAPI-A (to gate the single nuclei population)
DAPI-A:FITC-A (to gate NeuN stained nuclei)
DAPI-A:PE-A (to gate SOX10 stained nuclei)
DAPI-A:APC-A (to gate IRF8 stained nuclei)
FITC-A: PE-A (to visualize the distribution of triple staining)

The SOX10 +ve population is gated as a “daughter” population from the NeuN-ve fraction. The 
IRF8+ve population is gated as a “daughter” population of the SOX10-ve fraction.  Refer to 
Figure  2 Figure  2 for a visualization of the gating strategy.
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F igure 2. F igure 2. FANS gating strategy. (a )(a )  Particles smaller than nuclei (black dots) were 
eliminated with an area plot of forward-scatter (FSC-A) versus side-scatter (SSC-A), with 
gating for nuclei-sized particles inside the gate (box). (b)(b)  Plots of height versus width in 
the side scatter channel are used for doublet discrimination with gating to exclude 
aggregates of two or more nuclei. (c) (c) Doublet discrimination gating was used to isolate 
nuclei determined by subgating on Hoechst 33342. (d, g) Subsequent scatterplots 
discerning (d) (d)  NeuN-Alexa Fluor488–conjugated antibody staining (purple) (e)(e)  Sox10 
NL577-stained nuclei (darkpink) (f)  (f) IRF8-APC stained nuclei (darkblue) (g)(g)  the 
distribution of the three main nuclei subpopulations identified through triple staining 
strategy (NeuN +ve, neurons; Sox10+ve, oligodendrocytes; double–ve, glia). The 
resultant hierarchical colour key ensures that only nuclei that are positive or negative for 
staining with the NeuN and/or Sox10/Irf8 antibody are passed through each gating 
condition.

2.2 Data recording sett ingsData recording sett ings

In line with the experiment design, FSC, SSC, DAPI, FITC, APC and PE are the parameters for which 
voltage values may need to be slightly adjusted due to experiment/ inter-sample variability. 
It is advisable to set the threshold value between 200 and 500 during data recording. Moreover, in the 
acquisition dashboard tab, we recommend setting Events to RecordEvents to Record≤3000, Event toEvent to   
displaydisplay≤1000 and Flow RateFlow Rate  = 1.0 (1,000 events per second) in order to increase the accuracy of 
signal detection.
The flow rate can be increased during sample collection to reduce the sort speed (ideally max events 
per second =1,500 for a 100-micron nozzle). However higher flow rates impact the data resolution and 
accuracy of events detection, and subsequent sorting of cellular fractions (see BD FACSAria III User’s 
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Guide for details). 
During analysis, recorded data is displayed in plots, while gates are used to define populations of 
interest for selection. Figure  3Figure  3  shows a representative example of the two most common outcomes 
we often observe.

 

F igure 3F igure 3 . Representative example of inter-individual variability. 
The data shown here are derived from two different control prefrontal cortex specimens of comparable age,  
gender, and brain collection  which were processed in parallel following the same procedure. A) A) Optimal sample 
separation and abundant IRF8+ve fraction vs B )  B ) poor sample separation and completely missing a double 
negative population or an IRF8+ve population.

2.3 Sample  Col lect ionSample  Col lect ion

1.LoBind Tubes (Eppendorf, Cat No:30108051) are required to collect nuclei (to maximize sample 
recovery of nucleic acids by significantly reducing sample–to–surface binding).
2.Collected fractions can be used directly for downstream applications (e.g. DNA/RNA extraction, 

chromatin shearing) or stored in  -80 °C-80 °C freezer freezer

3.If you are collecting for DNA or RNA, as soon as the number of events desired (200,000 for DNA, 

300,000 for RNA) is reached, transfer the tubes On iceOn ice , do not hold them at 

Room temperatureRoom temperature .

4. Keep samples On iceOn ice  for the entire duration of the sorting

5. Lightly vortex sample tubes to make the mixture homogeneous (not clumped) before loading the 
tube into the FACS chamber
6. Load the UNSTAINED UNSTAINED control  tube into the chamber first and proceed with nuclei collection (for 
DNA, 200,000 events; for RNA, 300,000 events; for ATAC-seq 50,000 events). Refer to Materials - 

NOTE NOTE – During collection, it is crucial to regularly pause the sorting to mix the two phases in order 
to preserve the integrity of resulting RNA preparations.

For RNA extraction, LoBind Tubes should each contain 500µL of pre-chilled TRIzol™ LS Reagent 
(Fisher Scientific, Cat No: 11578616) prior to sorting. 
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Figure  S1 Figure  S1 for the full range of applications sorted nuclei can be used.
7. Proceed by collecting STAINEDSTAINED  tube by simultaneously sorting for NeuN, SOX10 and IRF8 or Double 
Negative.  

NOTE 1NOTE 1 - 1 µg of genomic DNA at least is expected from 500 mg tissue.  For optimal recovery of 
high-quality genomic DNA from FANS sorted nuclei we recommend this extraction protocol

NOTE 2 NOTE 2 –The IRF8+ve population may not be detectable in every brain sample processed (high 
inter-individual variability); when it is, it represents between 5-10% of the total sample, therefore 
yielding often insufficient material for multiple assays. 

General  Recommendations for the  userGeneral  Recommendations for the  user

3
For every new experiment we recommend performing the following steps:

1. When loading your tube into the FACS machine, run the unstained / IgG control sample first as this aids in setting 
the baseline parameters

2. Check your event rateevent rate  in the Acquisi t ion DashboardAcquisi t ion Dashboard  window. If it is greater than 1500 evt/s turn down the 
“flow rateflow rate ” or unload and dilute the sample further. If less than 100  evt/s, turn up the “flow rateflow rate ” (don’t exceed a 
flow rate of 5.0 if possible, as the instrument is less focused and more inaccurate at higher flow rates)

3. In the Acquisi t ion DashboardAcquisi t ion Dashboard  window choose the appropriate “stopping gatestopping gate ” and “storage gatestorage gate ” (when 
working with nuclei, set as “Nuclei” and “All events” respectively)

4. Choose the range of “events to recordevents to record ” and “events to displayevents to display ” that best suits your purpose (≥ 5000 for both 
is advised)

5. Under the “threshold” “threshold” tab in the Cytometer window, change the threshold (should be set for FSC) so that any 
small events in the bottom corner of the FSC vs SSC graph (caused by general cell debris and dust) are no longer 
shown. The threshold should not be set too high so that it causes an arbitrary, artificial cut-off through the left side 
of your population but not so low that small events caused by debris/dust are visible (ideally between a threshold 
200-500).

6. Under the “parameters” “parameters” tab in the Cytometer window, adjust the “FSCFSC” and “SSC”SSC”  values to get your population 
sitting in the centre of the FSC vs SSC graph (a re-adjustment of the “thresholdthreshold ” may be required at this point). It is 
essential to select “restart“restart ” each time any of the parameters are changed to update the events being displayed to 
ensure only events are recorded under the new settings.

7. Adjust or draw a new gate in the FSC vs SSC plot to encompass the population of interest.
8. Look in the scatter graph of SSC-A vs SSC-W (if you opened a blank experiment you will need to draw one). Right-

click on the graph and check it is only displaying the events encompassed by your previous FSC vs SSC gate. Adjust 
or draw a gate for SSC A vs SSC W to encompass all of the main population to the left of the graph and exclude 
outliers to the right (these are doublets and other cell debris clumps)

9. Under the “parameters” “parameters” tab in the Cytometer window adjust parameters for the fluorochromes selected so the 
unstained / IgG control sample sits close to 0 for the fluorochrome on a graph of FSC vs fluorochrome.

10. Load the stained samples and check the stained population has a clear increase in signal for the fluorochrome in 

comparison to the unstained (signal should not exceed 10x4). Several minor re-adjustments of the fluorochrome’s 
“parameters"“parameters"  may be necessary for the stained sample at this stage. If so, the unstained / IgG control has to be 
reset and re-recorded.

WARNING WARNING – Do not change parameter settings between samples you wish to compare, if you do you will need to 
re-record all samples using the changed parameters.
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11.  Select the correct option for the collection device in the Sort  LayoutSort  Layout  window ( we recommend “4-Way Puri ty4-Way Puri ty ” for   
general collection)
12. Regularly check your “EfficiencyEfficiency ” in the Sort  LayoutSort  Layout  window value. Between 80-100% is ideal, 70% is acceptable 
if less than 70% either the sample is too concentrated or you are sorting a rare population. Although the “flow rateflow rate ” in 
the Acquisi t ion DashboardAcquisi t ion Dashboard  window can be increased to make the sort quicker, faster flow rates are less efficient.
13. Check the “Electronic abort  rate”“Electronic abort  rate”  (N° errors /sec) and “Electronic abort  count” “Electronic abort  count” (Tot N° of errors) at the 
bottom of the Acquisi t ion DashboardAcquisi t ion Dashboard  window. These parameters measure potential miss-sorts (different from 
efficiency as efficiency measures undetermined drops which are directed to the “WasteWaste ” and therefore lost but do not 
contaminate).“Electronic abort  rate” “Electronic abort  rate” should be <1% of total events per second.
14. For long sorts, gate positions should be regularly monitored, especially for stained populations as fluorochromes 
lose intensity over time and the population can shift towards the unstained. Gates can be moved during long sorts to 
compensate.
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