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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative condition that 

causes the loss of motor neurons in the brain and spinal cord. Some ALS cases 

are familial, but around 90-95% are sporadic and patients usually die within 3-5 

years due to paralysis. There is no cure for ALS and the main existing treatment 

lacks effectiveness, thus new therapies are required. To achieve this, creating a 

disease model is an effective way to try and uncover potential targets. ALS and 

other neurodegenerative conditions display dysregulations in a RNA binding 

protein called TDP43 and are collectively known as TDP43 proteinopathies. In 

these conditions TDP43 can be mislocalized to the cytoplasm and sparse in the 

nucleus, where it is normally abundant in healthy individuals. TDP43 is involved 

in regulating splicing and plays a role in microRNA biogenesis. This study uses 

a method of TDP43 mislocalization as well as independent knockdown to create 

a disease model to observe the effects of TDP43 dysregulation in differentiated 

human neurons. This study shows that TDP43 mislocalization is toxic to cell 

phenotype and causes microRNA downregulation, while TDP43 knockdown and 

nuclear absence is what dysregulates splicing. Therefore, these results indicate 

that TDP43 plays a role in neuron death and ALS pathology and targeting this 

protein, or its dysregulated miRNAs may be beneficial to develop therapies for 

ALS and other TDP43 proteinopathies. Hence, future experiments can combine 

the methods from this study to make an accurate in-vitro model of TDP43 

pathology as observed in patients and used to investigate miRNAs, splicing 

defects and possible new therapeutic targets for TDP43 dysregulation in ALS 

and other neurodegenerative diseases. 
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Introduction 

Introduction to ALS 

The neurodegenerative condition, amyotrophic lateral sclerosis (ALS), is caused 

by the progressive loss of motor neurons (MNs) in the brain and spinal cord. 

The main role of MNs is to convey signals from the brain and spinal cord to the 

muscle and therefore in ALS the skeletal muscles weaken and atrophy. This 

eventually leads to death within 3-5 years, usually due to paralysis of the 

respiratory muscles.(1) Most ALS cases are of unknown cause and are 

sporadic (90-95%), while around 5-10% have genetic factors and are therefore 

classed as familial cases.(2) Therefore, genetic mutations, environmental 

factors and even epigenetics could all promote ALS pathology. At present, there 

is no cure for this devastating disease, but treatments exist that mildly slow its 

progression.(3,4) Due to these drugs being only somewhat effective, better 

treatments are required to improve patient prognosis and quality of life. Gaining 

new insight on the complex mechanisms behind ALS is essential for the 

development of such therapies. 

There are many gene mutations that have been linked to ALS, with the most 

common ALS mutations found in the Chromosome 9 Open Reading Frame 72 

(C9ORF72) gene. Around 50% familial cases have mutations in C9ORF72 

which codes for the C9ORF72 protein; this protein is found in the presynaptic 

terminal of neurons and is involved in processes such as RNA production and 

transport.(5) Another gene is free radical scavenging enzyme Superoxide 

Dismutase-1 (SOD1), which forms an important part of the intracellular defence 

mechanisms utilised by cells to protect themselves against free radicals. Mutant 

SOD1 accounts for around 20% of familial cases of ALS.(6) Fused in sarcoma 

(FUS) codes for the FUS protein, which binds to deoxyribonucleic acid (DNA) 

and regulates transcription. Mutations in FUS are the third most common in 

familial ALS after SOD1 with a prevalence of around 4-5% and can disturb 

ribonucleic acid (RNA) processing and splicing.(5,7) 

Finally, another important gene that plays a role in ALS is TARDBP. This gene 

produces instructions for a nuclear protein called Tar DNA binding protein 

(TDP43) that is dysregulated in neurodegenerative conditions, including ALS. 

Mislocalized and misfolded TDP43 forms clumps in the cytoplasm and 

https://paperpile.com/c/IkPdnD/4Vnqt
https://paperpile.com/c/IkPdnD/jpqee
https://paperpile.com/c/IkPdnD/3dsMe+LbjtT
https://paperpile.com/c/IkPdnD/HrHHP
https://paperpile.com/c/IkPdnD/YEthW
https://paperpile.com/c/IkPdnD/HrHHP+Aq1s


7 

 

interferes with normal MN function.(8) TDP43 is a key protein involved in ALS 

pathology and although TARDBP gene mutations are rare in familial ALS (up to 

5%), cytoplasmic mislocalization and aggregation of TDP43 are present in 97% 

of all ALS cases.(2) Therefore, this protein is investigated in the following study 

as its pathology is relevant to the majority of ALS cases and the main roles of 

TDP43 will be outlined below. In summary, several key genes are involved in 

ALS pathology with most implicated in RNA dysfunction.(4-7) 

TDP43 in Neurodegeneration  

TAR DNA-binding protein 43 (TDP43) is a nuclear protein that binds both RNA 

and DNA. It plays a main role in the regulation of RNA processing, inclusive of 

splicing, messenger RNA (mRNA) transport and the biogenesis of small non-

coding, regulatory RNAs called micro-ribonucleic acids (miRNAs).(5) TDP43 is 

encoded by the TARDBP gene and is 414 amino acids in length. TDP43 is 

known to target thousands of RNAs in mammals and preferentially binds to the 

3’ untranslated region (UTR) of RNA.(9) The basic structure of TDP43 is shown 

in figure 1 and shows that TDP43 contains a nuclear localisation signal (NLS). 

This signal is recognised by transport proteins during nuclear import, meaning 

that in healthy cells TDP43 is primarily localised to the nucleus.(10) In many 

neurodegenerative conditions, including ALS, TDP43 is absent from the nucleus 

and accumulates in the cytoplasm. Genetic mutations in the TARDBP gene are 

known to contribute to the mislocalization in familial cases of ALS and some 

sporadic cases.(11) However, mislocalization of TDP43 is observed in almost 

all sporadic incidences of ALS and it is these that account for around 90% of 

total cases.(2) Importantly, TARDBP is not found to be mutated in the majority 

of these cases, yet TDP43 dysregulation still occurs. Other neurodegenerative 

conditions including dementia, Parkinson's disease (PD), Alzheimer's disease 

(AD) can also show some TDP43 dysregulation and the subset of conditions 

that display dysregulated phosphorylation, cleavage, ubiquitination and/or 

nuclear deletion of TDP43 are known as TDP43 proteinopathies.(12) Therefore, 

any research that investigates the role of TDP43 dysregulation in 

neurodegeneration will be relevant to not only ALS, but other 

neurodegenerative conditions also. 

https://paperpile.com/c/IkPdnD/7YOVI
https://paperpile.com/c/IkPdnD/HrHHP
https://paperpile.com/c/IkPdnD/sdl4
https://paperpile.com/c/IkPdnD/XaO57
https://paperpile.com/c/IkPdnD/zLkQI
https://paperpile.com/c/IkPdnD/jpqee
https://paperpile.com/c/IkPdnD/4dLK
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Figure 1. Schematic showing the basic structure of TDP43. TDP43 contains 
two RNA recognition motifs, RRM1 and RRM2 which bind target RNAs, a 
nuclear localisation signal (NLS) and a nuclear export signal (NES), both 
involved in transport of TDP43 in and out of the nucleus. The glycine rich 
terminus present on TDP43 is involved in the aggregation of TDP43 and 
therefore is also known as a prion-like domain (PrLD).(9)(Schematic adapted 
from Tziortzouda et al. 2021, created using biorender.com). 

The accumulation of TDP43 within the cytoplasm can lead to the formation of 

protein aggregates which are likely to contribute to MN dysfunction and 

death.(13) TDP43 aggregation is widely studied and the presence of these 

aggregates in the MN cytoplasm are a key hallmark of ALS. TDP43 exists in 

both full-length and fragmented form to constitute the aggregates seen in 

ALS.(14)  However, it is still debated if these aggregates are what contribute to 

MN degeneration and how. TDP43 aggregation is present in both familial and 

sporadic patients and is said to increase oxidative stress within MNs.(15) It is 

described how the aggregation may prevent TDP43 returning to the nucleus 

and thus it is unable to carry out critical nuclear tasks. As well as being 

aggregated in the cytoplasm and therefore inhibiting its cytoplasmic function 

also.(14) However it is also shown that mislocalized TDP43 does not always 

aggregate yet is still toxic to the cells. Therefore aggregation is not essential to 

cause cytotoxicity, but the accumulation of cytoplasmic TDP43 alone is enough 

to be detrimental to MNs.(16,17) The effect of TDP43 mislocalization on 

aggregate formation will be looked at in this study to observe if the 

accumulation of TDP43 in the cytoplasm is enough to cause these inclusions 

that are not only observed in ALS, but other neurodegenerative conditions like 

frontotemporal dementia (FTD) and Alzheimer's Disease (AD).(18) 

TDP43 and splicing 

TDP43 is required for the regulation of splicing of various target RNAs.(19–21) 

For example, one target of TDP43 is STMN2, a gene the encodes a stathmin 

phosphoprotein, stathmin 2, involved in microtubule regulation and 

repair.(21,22) Previous work has shown that the expression of this gene is 

greatly reduced after TDP43 knockdown and mislocalization in patient-specific 

https://paperpile.com/c/IkPdnD/sdl4
https://paperpile.com/c/IkPdnD/rUqda
https://paperpile.com/c/IkPdnD/83Y1
https://paperpile.com/c/IkPdnD/mdUC
https://paperpile.com/c/IkPdnD/83Y1
https://paperpile.com/c/IkPdnD/n5xE+01hP
https://paperpile.com/c/IkPdnD/K6nV
https://paperpile.com/c/IkPdnD/W7iF+fYqO+bT3T
https://paperpile.com/c/IkPdnD/V3dW+bT3T
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MNs, which correlates with the reduction observed in post-mortem patient 

spinal cords.(21) The lack of TDP43 in the nucleus causes dysregulated 

alternative splicing of STMN2 by including a micro exon which contains a 

premature stop codon. This leads to a truncated protein being made and 

consequently microtubule regulation is disturbed.(22,23) Additionally, in vivo 

investigations demonstrate that mice deficient in STMN2 display motor defects 

and fragmentation of the neuromuscular junction (NMJ).(22) Dysregulated 

splicing due to lack of nuclear TDP43 is also observed in other genes, such as 

UNC13A. This gene has a role in vesicle priming to help maintain competent 

synaptic vesicle fusion, and is therefore essential for signalling at the NMJ.(23) 

Truncated stathmin-2 has also been observed in other neurodegenerative 

conditions, such as FTD, along with TDP43 dysfunction.(24) Again showing the 

impact of TDP43 dysregulation not just in ALS, but other neurodegenerative 

conditions as well.   

DNA methylation is regulated by TDP43 

Another process within gene regulation that may be affected by TDP43 

mislocalization is DNA methylation.(25,26) Epigenetic modifications such as this 

are known to contribute to ALS and may drive MN degeneration.(25,27,28) DNA 

methylation is an epigenetic mechanism that can permit or restrict access of 

regulatory molecules to DNA and is known to have profound effects on gene 

regulation.(29) There are two different types of DNA methylation that can occur, 

one is known as 5-methylcytosine methylation (5mC) and the other is 5-

hydroxymethylcytosine methylation (5hmC). Both involve the methylation of 

cytosine which is present in the DNA primary sequence.(29) The enzymes 

responsible for the methylation of cytosine are DNA methyltransferases 

(DNMTs) which catalyse the transfer of a methyl group during DNA methylation. 

There are five members of the DNMT family of enzymes, and each has a 

different function. One gene that has been shown to be dysregulated in ALS, 

dementia and AD is DNMT3A.(27,28,30,31) If DNMT3A is overexpressed cells 

experience increased apoptosis, thus increased DNA methylation is thought to 

be a driver of MN death in ALS and possibly other neurodegenerative 

conditions.(27)  

https://paperpile.com/c/IkPdnD/bT3T
https://paperpile.com/c/IkPdnD/V3dW+7DnQ
https://paperpile.com/c/IkPdnD/V3dW
https://paperpile.com/c/IkPdnD/7DnQ
https://paperpile.com/c/IkPdnD/j7ah
https://paperpile.com/c/IkPdnD/u48X+3ELq
https://paperpile.com/c/IkPdnD/u48X+Ibxa+Irlr
https://paperpile.com/c/IkPdnD/PEcW
https://paperpile.com/c/IkPdnD/Ibxa+Irlr+K5W8+oTrt
https://paperpile.com/c/IkPdnD/Ibxa
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It has been shown that many miRNAs are disrupted in ALS and other 

neurodegenerative conditions.(5,32–34) Some of these miRNAs have roles in 

regulating key pathways within MNs and will be discussed in more detail later. 

As mentioned, it is also known that TDP43 plays a part in regulating 

miRNAs.(35,36) The mislocalization of TDP43 may provide a reason for these 

disruptions seen in miRNA levels. If found to have a causal link, the 

mechanisms behind TDP43 mislocalization could be investigated to find 

potential pathways and therapeutic targets which would be beneficial for both 

familial and sporadic ALS patients, as well as other neurodegenerative 

conditions. 

TDP43 and microRNAs 

MiRNAs are small non-coding RNAs, usually 22 nucleotides long, that can 

regulate the translation of complementary mRNA.(37) Consequently, miRNAs 

can downregulate mRNA translation and even cause gene silencing by 

degrading target mRNA. This degradation is done by the RNA induced silencing 

complex (RISC) in which the miRNA is loaded. Once loaded onto RISC it 

guides the complex to the target mRNA, see figure 2.(38) All miRNAs have a 

distinct seed sequence from nucleotides 2-8 and those with matching or similar 

seed sequences will target similar genes and pathways.(39) Additionally, a 

single miRNA can target many different genes and thus miRNAs are thought to 

play a role in many biological pathways.(40,41) For instance, miRNAs control 

gene expression that is important in MN maintenance, survival, and functioning. 

Two key genes implicated in ALS, namely FUS and TARDBP, play a direct role 

in miRNA biogenesis. Research has shown that TDP43 is required to produce 

precursor miRNA by interacting with two important complexes. These are the 

Drosha complex, present in the nucleus, and the Dicer complex which is 

present in the cytoplasm, see figure 2 for miRNA biogenesis pathway.(35) Both 

molecules are needed in the processing of primary miRNA (pri-miRNA) 

(Drosha) and precursor miRNA (pre-miRNA) (Dicer).(42) Therefore, 

dysfunctional and dysregulated miRNAs are observed in ALS.(32,43) The 

mislocalization of TDP-43 may play a role in this dysregulation of important 

miRNAs and therefore contribute to MN death. This study will model the 

mislocalization of TDP-43 in-vitro and try to uncover any miRNAs that are 

dysregulated. 

https://paperpile.com/c/IkPdnD/HrHHP+k62lB+D1n5+MWNe
https://paperpile.com/c/IkPdnD/S8ww4+Ox9x
https://paperpile.com/c/IkPdnD/vT10J
https://paperpile.com/c/IkPdnD/aTfrR
https://paperpile.com/c/IkPdnD/aTfrR
https://paperpile.com/c/IkPdnD/aWB6c
https://paperpile.com/c/IkPdnD/ro3XL
https://paperpile.com/c/IkPdnD/HigfH
https://paperpile.com/c/IkPdnD/S8ww4
https://paperpile.com/c/IkPdnD/Mg5uj
https://paperpile.com/c/IkPdnD/k62lB
https://paperpile.com/c/IkPdnD/wADTH


11 

 

 

Figure 2. miRNA biogenesis. miRNA production begins in the nucleus when 
primary miRNA is transcribed by RNA polymerase and cleaved by Drosha into 
pre-miRNA. Pre-miRNA is transported into the cytoplasm and cleaved by Dicer. 
It is unwound into single strands and loaded onto RISC, which degrades the 
target mRNA and represses translation. Reproduced from Winter et al.(44) 
(miRNA = micro ribonucleic acid, RNA = Ribonucleic acid, RISC = RNA induced 
silencing complex).  

The activity of miRNAs can be altered using different methods. To date, 

clustered regularly interspaced short palindromic repeats and CRISPR 

associated protein 9 (CRISPR‐Cas9) gene editing is a popular method.(45), 

(46)  CRISPR-Cas9 causes the breakage of a specific DNA sequence by using 

guide RNA (gRNA) to target the enzyme Cas9 nuclease to the desired site, thus 

allowing complete gene knockout. miRNA knockdown can also be achieved 

using inhibitors known as “antagomirs”. These are chemically modified 

antisense oligonucleotides that sequester mature miRNAs, preventing them 

from binding to their targets, resulting in functional inhibition.(47) A more recent 

method utilised to achieve miRNA knockdown is known as a miRNA sponge. 

miRNA sponges are transgenes that can have several target sites to sequester 

miRNAs.(48) 

Many miRNAs have been found to be dysregulated in both sporadic and familial 

ALS patients.(33,49–51) These include miRNAs such as miR-218, miR-9, miR-

139 and miR-7, while other miRNAs such as miR-10a have been shown to be 

dysregulated in other neurodegenerative conditions such as PD.(52) Several of 

these miRNAs are also involved in and dysregulated in many cancers.(53–56) 

As mentioned previously, miRNAs regulate gene expression by targeting and 

https://paperpile.com/c/IkPdnD/eXrv
https://paperpile.com/c/IkPdnD/GOspD
https://paperpile.com/c/IkPdnD/uqRns
https://paperpile.com/c/IkPdnD/IhwHy
https://paperpile.com/c/IkPdnD/brNqQ
https://paperpile.com/c/IkPdnD/D1n5+nFSI+YJIt+7j8B
https://paperpile.com/c/IkPdnD/1sb6
https://paperpile.com/c/IkPdnD/KTWR+GdaE+xATW+TIqg
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thus causing the degradation of mRNA. This can silence or inhibit certain genes 

and has a major impact on biological pathways. miRNAs have been linked to 

key processes within cells such as the Wnt signalling pathway, the TGF-

β/SMAD pathway and other processes such as DNA methylation as mentioned 

previously.(57–59) Two major pathways that are regulated by miRNAs and play 

a role in a multitude of diseases are the Wnt signalling pathway and the TGF-

β/SMAD signalling cascade. 

The Wnt signalling pathway and TGF-β/SMAD signalling pathway. The ‘Wnt’ 

pathway is one of the most important signalling cascades that is involved in cell 

proliferation, differentiation and survival.(60) Dysfunctions that occur within this 

pathway can be detrimental and consequently Wnt signalling has been linked to 

many diseases, including cancer, Alzheimer’s and ALS.(58,60,61) There are 

several factors involved within Wnt signalling, with the most widely studied 

being the canonical pathway, involving β-Catenin.(60) The key steps of this 

pathway are outlined below in figure 3A. Additionally, The TGF-β/SMAD 

pathway is involved in multiple cellular processes, inclusive of controlling 

proliferation, differentiation, apoptosis, migration, immune functions and tumour 

metastasis.(63) The TGF-β/SMAD pathway has also been implicated in many 

diseases, such as cancer, fibrosis and neurodegenerative conditions like AD, 

PD and ALS.(63–68) Targeting this pathway could be promising for future drug 

discovery for a multitude of pathologies.(63) The key steps of this pathway are 

illustrated in Figure 3B. Both the Wnt and TGF-β/SMAD signalling pathways, as 

well as other mechanisms will be looked at during this study to investigate 

targets of  any miRNAs dysregulated following TDP43 mislocalization. 

 

https://paperpile.com/c/IkPdnD/KYS5+z2nT+hGit
https://paperpile.com/c/IkPdnD/XjQq
https://paperpile.com/c/IkPdnD/ie9w+XjQq+z2nT
https://paperpile.com/c/IkPdnD/XjQq
https://paperpile.com/c/IkPdnD/pgtW
https://paperpile.com/c/IkPdnD/P1XU+JKhk+BJf6+pgtW+ijb2
https://paperpile.com/c/IkPdnD/pgtW
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Figure 3. The Wnt and TGF-β/SMAD Pathways. A. The canonical Wnt 
signalling pathway. In cells not exposed to the Wnt signal (left panel), β-
catenin is degraded by the β-catenin destruction complex (Axin, Adenomatous 
polyposis coli (APC) and glycogen synthase kinase (GSK-3)). Therefore, it is 
unable to travel into the nucleus and activate transcription factors T-cell 
factor/lymphoid enhancer factor (TCF/LEF) and gene transcription does not 
occur. In the presence of Wnt binding proteins (right panel) Dishevelled (DVL) 
recruitment by Frizzled (Fz) leads to low-density lipoprotein receptor-related 
protein 5 or 6(LRP5/6) phosphorylation and Axin recruitment. This disrupts the 
destruction complex from breaking down β -catenin. Allowing it to accumulate in 
the nucleus where it co-activates TCF/LEF and gene transcription occurs.(61) 
Diagram adapted from Hawkins et al.(62) B. The TGF-β/SMAD Signalling 
pathway. The pathway begins with a transforming growth factor (TGF-β) ligand 
binding to a SMAD receptor. This causes phosphorylation of the SMAD proteins 
which enables them to translocate to the nucleus and regulate different 
transcription factors.(64) Adapted from Burks and Cohn, 2011 (64). Created 
using Biorender.com.  
 

Study Aims and Hypothesis 

The main aim of this study is to develop an in-vitro model of TDP43 

mislocalization and observe the phenotypic changes that occur in neurons. A 

knockdown model of TDP43 will also be developed and tested to determine 

whether mislocalization or knockdown of TDP43 is more toxic to neurons, as 

both are observed in ALS patients. (2,8-12) 

A key hypothesis of this project is that TDP43 mislocalization leads to neuronal 

dysfunction and death by inhibiting neuronal microRNAs. I will deploy the 

TDP43 mislocalization model to investigate defects in neuronal survival and 

structure. Further, I will also investigate which miRNAs are dysregulated due to 

TDP43 mislocalization and potential pathways these are involved in.  

 

A B 

https://paperpile.com/c/IkPdnD/ie9w
https://paperpile.com/c/IkPdnD/HE6y
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Methods 

General plastic ware and chemical reagents. Cells were cultured in sterile 

tissue culture flasks, size T25 (Greiner, UK). Experiments were performed in 

sterile 96 or 24-well plates (Greiner, UK). Cell suspensions and tissue culture 

reagents were handled in sterile tubes and aspirated/transferred with 

serological pipettes. 

Cell lines. The cell line SH-SY5Y, neuroblastoma cells from Sigma Aldrich, UK 

were used and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high 

glucose (4.50 g/L) (Sigma Aldrich, UK) with L-glutamine, non-essential amino 

acids and 10% foetal bovine serum (FBS). Cells were differentiated as stated 

below. Four biological replicates were used, each with two technical replicates. 

Cell culture conditions and general practice. All cells and experiments were 

cultured or incubated at 37°C, 5% CO2 and under atmospheric levels of O2, 

with a humidified environment. Cells were passaged once 90% confluency was 

achieved. Passage of SH-SY5Y cells consisted of removal of culture media, 

brief wash with phosphate buffered saline (PBS), trypsinisation, neutralisation 

with DMEM media (4.50 g/L glucose) containing 10% FBS centrifugation 

(1200rpm, 5-minutes) and transfer to a new flask. The cells were counted and 

resuspended in fresh SH-SY5Y media so the final cell density was ~200,000 

cells/ml.  

SH-SY5Y differentiation. Plates were coated with 0.01% poly-d-lysine (PDL) 

overnight and washed twice with PBS. SH-SY5Y cells were then plated as 

normal in SH-SY5Y media. 24-hours later the media was changed to N2B27 

media, consisting of DMEM F12 (glucose 3.15 g/L) containing 10% FBS, 1% N2 

and 2% B27 supplements (All purchased from Thermo Fisher, UK) with retinoic 

acid (RA) at a final concentration of 10 µM. Media was changed to this 

differentiation media every three days until cells were harvested. 

The TDP43 mislocalization model in Differentiated SH-SY5Y Cells. SH-

SY5Y cells were plated at a density of 20,000cells/well in black 96-well plates 

(Perkin Elmer, UK) and at a density of 50,000 cells/well in clear 12-well plates 

(GreinerBio, UK). Cells were differentiated for 1-week using the differentiation 

protocol described above. After one week, adeno associated viruses (AAVs) 
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were added to mislocalize TDP43. All viral preparations and cloning were done 

by Dr Seema Namboori according to Takara protocol 

(https://www.takarabio.com/products/gene-function/viral-transduction/adeno-

associated-virus-(aav)/packaging-systems-and-cells) and using Takara 

AAVpro® Extraction Solution (cat #6235). The volume of virus to add was 

determined empirically, in this case final concentrations decided for all viruses 

were 0.4 µL per 10,000 cells. Conditions were 0 (control nanobody), M 

(nanobody with strong NES), TDP43+0 (TDP43-eGFP and control nanobody), 

TDP43+M (TDP43-eGFP and nanobody with strong NES). 0 and M were 

included to observe if the nanobody alone had any effect and could also act as 

controls alongside the control for the TDP-43 overexpression when looking at 

mislocalization effects. The day after transduction of the AAVs a media change 

occurred and then every 3 days until day 14 when cells were harvested. Three 

biological replicates were performed for each condition, (n=3). Immunostaining 

was carried out as per immunostaining timings and protocol described later. 

With primary antibodies Rb TDP43 (1:800, cat #10782-2-AP, ProteinTech), 

Mouse (Ms) TUJ1 (1:1000, cat #MMS-435P-100, BioLegend), Rb caspase 3 

(1:400, cat #9664L, Cell Signalling Technologies) and Chicken (Ck) MAP2 

(1:16,000, cat #GTX82661, GeneTex). Secondary antibodies were goat anti-Rb 

(#ab150083), goat anti-Ck (#ab150176), donkey anti-Ms (#ab150105) and 

donkey anti-goat (#ab150129), all were added 1:2000 (Abcam, UK). 

Ꞵ-Catenin Overexpression. SH-SY5Y cells were plated at a density of 20,000 

cells/well in black 96-well plates (Perkin Elmer, UK). Cells were differentiated for 

one week using the differentiation protocol. After one-week cells were 

transfected via manufacturers instruction (NeuroMag Transfection, OZ 

Biosciences, USA) with overexpression plasmid for Ꞵ-Catenin (CMV-AAV-Ꞵ-

Cat-eGFP) and a GFP control (CMV-AAV-eGFP), both at a final concentration 

of 400 ng/20,000 cells. Cells were cultured normally for one week and then 

fixed at day 14 for imaging. Immunostaining protocol was carried out as 

described below, using primary rabbit (Rb) antibody caspase 3 (1:400, cat 

#9664L, Cell Signalling Technologies) and secondary goat anti-Rb antibody 

(1:2000, cat #ab150083, Abcam). Only one biological replicate was performed, 

n=1.  

 

https://www.takarabio.com/products/gene-function/viral-transduction/adeno-associated-virus-(aav)/packaging-systems-and-cells
https://www.takarabio.com/products/gene-function/viral-transduction/adeno-associated-virus-(aav)/packaging-systems-and-cells
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DNMT3A UTR Transfection.  SH-SY5Y cells were plated in white 96-well 

plates (Thermo Fisher, UK) with a density of 10,000 cells/well in 100 µL media. 

SH-SY5Y cells were transfected with two plasmids containing the sequence for 

DNMT3A. A concentration of 10 ng/10,000 cells was used for the DNMT3A 

UTR plasmids and co-transfected with a plasmid containing RFP to check 

transfection efficiency at a final concentration of 100ng/10,000 cells. The control 

plasmid contained an unaltered wild-type (WT) sequence for DNMT3A. The 

second plasmid contained mutations (MT) in the 3’UTR target site for miR-218. 

This was done by the Bhinge lab by mutating bases in the 3’ UTR of DNMT3A 

that corresponded to positions 2, 4, and 6 within the miR-218 seed sequence. 

Therefore, in the mutated version, miR-218 is unable to bind to the UTR of the 

DNMT3A. The plasmid for DNMT3A is a PSI-check plasmid as outlined below, 

therefore the levels of DNMT3A correlated directly with Renilla reading. Three 

biological replicates were performed, (n=3). 

miR-218 Sponge Knockdown and Overexpression Transfection. For 

luciferase assay: SH-SY5Y cells were plated in white 96-well plates (Thermo 

Fisher, UK) with a density of 10,000 cells/well in 100 µL media. miR-218 was 

perturbed using independent methods to both knockdown and cause 

overexpression of the miRNA. The knockdown plasmid and consists of a 

miRNA sponge which sequesters miRNAs, and the overexpression plasmid was 

made by cloning the miR-218 hairpin downstream of the H1 promoter in an AAV 

plasmid (pAAV-cmv-gfp-h1-mir218, see Figure 1 in appendices for plasmid 

map). Both were made by Dr Sophie Hawkins prior to this project start. 

Referring to figure 2, the shRNA overexpression plasmid enters the cells by 

transfection and are processed by DICER which cuts the precursor miRNA-218 

hairpin and thus forms the full length double stranded miRNA-218 allowing its 

overexpression. These were transfected alongside the miR-218 PSI-check 

plasmid. All plasmids were used at a final concentration of 100 ng/10,000 cells, 

with a concentration of 10 ng/10,000 cells for the PSI-check plasmid. After 72-

hours a luciferase assay was carried out. One biological replicate was 

performed, (n=1).  

For immunostaining: SH-SY5Y cells were plated in black 96-well plates (Perkin 

Elmer, USA) at a larger density of 50,000 cells/well in 100 µL media. All 

plasmids were used at a final concentration of 100 ng/10,000 cells. The controls 
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were an empty sponge control for the miR-218 sponge, and an OCT4 shRNA 

control for the miR-218 overexpression. Puromycin was added at a final 

concentration of 1 µ/mL in the media changes post-transfection to kill cells that 

had not been transfected, as both the knockdown and overexpression plasmids 

used are all puromycin resistant. After 72-hours cells were fixed and 

immunostaining carried out. Immunostaining protocol was carried out as 

described below, using primary Rb antibody DNMT3A at 1:1000 (cat 

#GTX129125, Genetex, USA) and secondary goat anti-Rb antibody 1:2000 (cat 

#ab150083, Abcam, UK). Three biological replicates were performed, (n=3).  

PSI-check reporter system. PSI-check vectors were purchased from 

Promega, UK and edited by the Bhinge lab for use. The PSI-check vectors were 

used as a reporter system to help quantify the amounts of endogenous target 

miRNA or mRNA in the cells following transfections (figure 4). Two vectors will 

be used, one with the target mRNA or miRNA binding site and one without. 

Figure 4. Schematic diagram of PSI-check reporter system. Two PSI-check 
vectors were used, one with a binding site for the target miRNA and one with no 
binding site. (A) A PSI-check with the miRNA binding site. (B) How the reporter 
system works. The left side depicts either the PSI-check with no miRNA binding 
site or what happens if the target miRNA has been sequestered. The right 
shows the PSI-check with the miRNA binding site; the miRNA cleaves the 
renilla luciferase mRNA. (miRNA = micro ribonucleic acid, mRNA = messenger 
ribonucleic acid). Created with BioRender.com. 
 

shRNA synthesis for knockdown of TDP43. Short hairpin RNAs (shRNAs) 

were designed to target the sequence for the TARDBP gene responsible for 

TDP43 production. Three were made, two that target the coding sequence and 

one that targeted the 3’UTR of TARDBP (Table 1 in the appendices for primer 

sequences). These were transfected into a lentivirus using envelope plasmid 

pMD2.G (Addgene, USA, #12259) and packaging plasmid pspax2 (Addgene, 

USA, #12260). The virus was synthesised in 293FT cells and cultured with 500 
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µL/mL Geneticin (G418) (Thermo Fisher Scientific, UK). Media that contained 

the virus was collected and titrated to determine an efficient viral volume 

needed in future experiments.  

 

shRNA Transduction in Differentiated SH-SY5Y Cells. SH-SY5Y cells were 

plated at 20,000 cells/well in black 96-well plates and differentiated for one 

week. After which they were transduced with the shRNA lentiviruses added at 

final concentration of 2 µL/10,000 cells. As a control, an shRNA targeting the 

Renilla gene was used, which is not expressed in SH-SY5Y cells. They were 

cultured as normal and on day 14 fixed for immunostaining protocol which was 

carried out as below. The same antibodies were used as before following the 

nanobody model, these were primary antibodies Rb TDP43 (1:800, cat #10782-

2-AP, ProteinTech), Mouse (Ms) TUJ1 (1:1000, cat #MMS-435P-100, 

BioLegend), Rb caspase 3 (1:400, cat #9664L, Cell Signalling Technologies) 

and Chicken (Ck) MAP2 (1:16,000, cat #GTX82661, GeneTex). Secondary 

antibodies were goat anti-Rb (#ab150083), goat anti-Ck (#ab150176), donkey 

anti-Ms (#ab150105) and donkey anti-goat (#ab150129) added 1:2000 (Abcam, 

UK). 

 

Immunostaining. After treatments, cells were fixed with 4% paraformaldehyde 

(PFA) (Sigma, United States), permeabilized with 100% methanol (MeOH) and 

blocked in PBS (+MgCl2, +CaCl2) containing 1% BSA for 1 hour at room 

temperature (RT). Cells were stained with primary antibodies in 1% BSA at 4°C 

overnight. The following day, after three washes with PBS, the cells were further 

incubated with a secondary antibody (1:2000, Abcam) in 1% BSA for 1-2 hours 

at RT. Simultaneously, in all immunostaining performed, nuclei were stained 

using Hoechst dye (1:1000). See Table 2 in the appendices for collated list of 

antibodies used. Images were viewed and acquired using the ImageXpress 

PICO microscope software (USA). Images created using ImageJ software, cell 

fluorescence intensity was quantified using Cell Profiler software or by using the 

ImageXpress PICO analysis software. 

Quantitative real-time PCR. Total RNA was isolated using the monarch total 

RNA miniprep kit (New England Biolabs, UK) as per manufacturer’s instructions 

and reverse transcribed to cDNA using Mir-X™ miRNA First Strand Synthesis K 



19 

 

(Takara Bio, USA) for miRNA analysis and High-Capacity cDNA Reverse 

Transcription Kit (Thermofisher, UK) for mRNA analysis. Quantitative real-time 

PCR was performed using SYBR Green qPCR Master Mix (Thermo Fisher 

Scientific) on a Quantstudio-6 Real-Time PCR system (Thermofisher, UK). 

miRNA expression from qPCR is represented as gene expression relative to 

RNU5, RNU6 and HPRT1 housekeeping genes. mRNA expression was relative 

to HPRT1, GAPDH, ACTB, TBP and RPL13 housekeeping genes. Sequences 

were obtained from Origene.com and oligonucleotides ordered from Integrated 

DNA Technologies (IDT, USA). The delta-delta Ct (2–∆∆Ct) method was used to 

analyse the qPCR data and calculate the relative fold gene expression. 

Dual Luciferase assay. The Dual-Glo Luciferase Assay System was used to 

quantify miRNA and was carried out to the manufacturer’s instructions 

(Promega, uk). The PSI-check vector was used as a reporter system. 

Biological replication. For all assays, a minimum of three independent 

experiments were performed (n=3), each containing two technical replicates, 

and appropriate statistics carried out unless stated otherwise. 

Statistical testing. Data are presented as the average ± standard error (SE), 

as SE shows the variability of the sample average from the population average. 

All graphs were made, and statistical tests conducted using Excel or GraphPad 

(USA) unless stated otherwise in legends. One-tailed, unpaired t-tests were 

used to look for any statistically significant differences between control and 

treatment groups. A P-value ≤ 0.05 was considered significant. 

 

 

 

 

 

 

 

 

 

 

 



20 

 

Results 

 

Optimisation of a model to mislocalize TDP43 in differentiated SH-SY5Y 

cells 

A nanobody model to mislocalize TDP-43. A model was optimised to 

overexpress TDP43 in differentiated SH-SY5Y cells and then mislocalize this 

TDP43 into the cytoplasm. This was to mimic what is observed in ALS and 

other TDP43 proteinopathies. Firstly, neuroblastoma cells were successfully 

differentiated following a 2-week protocol that utilises retinoic acid (RA), see 

figure 5A. Images showing the final network stained for primary neuronal 

markers TUJ1 and MAP2 in figure 5B. To mimic TDP43 mislocalization in SH-

SY5Y cells an overexpression model was optimised using two AAVs. One of 

these consisted of a TDP43-GFP-AAV construct that increased levels of TDP43 

in the cells; this induced TDP43 would have a green fluorescent protein (GFP) 

tagged to it. The second AAV was synthesised, by the Bhinge lab, to include an 

anti-GFP construct. This construct is known as a nanobody and binds to a small 

portion of the GFP. The nanobody is also tagged to a strong nuclear export 

signal (NES) taken from the MAPK gene, thus known as NESM in the following 

study. The strong NES therefore overrides the NLS on the overexpressed 

TDP43 and therefore prevents it from being shuttled back into the nucleus, 

causing it to mislocalize to the cytoplasm. The control was an anti-GFP 

construct with no NES, thus no mislocalization would occur (NES0), see figure 

5C below.  

The model successfully mislocalized overexpressed TDP43 from the nucleus to 

the cytoplasm. This mislocalization can be seen in the immunofluorescent 

images below where TDP43-GFP is stained as green, see figure 5D. The 

images show that in the control (T+0) overexpressed TDP43 is mainly nuclear, 

whereas in the cell treated with the nanobody (T+M) the TDP43 is present in the 

cytoplasm. The box and whisker plot in figure 5E shows the ratio of nuclear 

TDP43 to cytoplasmic TDP43 (N/C) for all replicates (n=3), thus the more 

nuclear TDP43, the bigger the reading. T+M had a significantly higher 

cytoplasmic TDP43 ratio compared to the T+0 control (P≤0.01), indicating that 

the model can cause mislocalization of overexpressed TDP43 in differentiated 

SH-SY5Y cells. 
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Figure 5.  A TDP43 mislocalization model. 

(A) Schematic representation of the 2-week RA protocol used to differentiate 
SH-SY5Y cells. Created with BioRender.com. 

(B) Images to show SH-SY5Y cells successfully express neuronal markers 
following 2-week differentiation using RA. Staining with Hoechst nuclear dye 
(blue) and neuronal markers MAP2 (red) and TUJ1 (green), scale is 106um.  

(C) Schematic of the TDP43 mislocalization model. TDP43-GFP is 
overexpressed in cells, with the nanobodies having antiGFP sequences that 
recognise and bind to the GFP on the transduced TDP43. The NESM has a 
strong NES signal which overrides the pre-existing NLS and TDP43-GFP 
remains in the cytoplasm. Control nanobody is NES0 where no NES signal is 
present, therefore transduced TDP-43-GFP is shuttled back into the nucleus 
due to the NLS.  

(D) Differentiated SH-SY5Y cells show TDP43-GFP mislocalized to the 
cytoplasm. Images show T+0 (control nanobody) (left) and T+M (NES 
nanobody) (right) with TDP43-GFP (green) being mainly nuclear for the control 
and mislocalization to the cytoplasm following use of the NESM nanobody. 
Nuclear stain is Hoechst (blue), scale is 106um. 
 
(E)The box and whisker plots show the distribution inclusive of minimum, 
maximum and median N/C TDP43 ratio values across all replicates, n=3. A two 
sample t-test was performed assuming equal variance. P-values ≤ 0.05 were 
considered statistically significant, **P ≤ 0.01. Graph and statistics done in R. 
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Differentiated SH-SY5Y cells show a cell and molecular phenotype 

following TDP43 mislocalization 

 

Neuronal death is increased in neurodegenerative conditions; therefore, 

caspase activity was investigated to see if TDP43 mislocalization increases 

apoptosis in differentiated SH-SY5Y neurons. Following successful 

mislocalization of TDP43, caspase intensity was analysed following 

immunofluorescent staining. Figure 6A and B show that caspase activity is 

increased following mislocalization of TDP43, as in comparison to the control 

group there was around a 30% increase in average caspase activity. Following 

statistical analysis using a t-test this increase is seen to be significant across 

the whole sample (P ≤ 0.01) as well as between averages (P=0.0055). To make 

sure the NESM nanobody alone did not affect caspase activity, the 0 and M 

groups were also compared (6C and D). A small, significant decrease in 

caspase is observed between the NES0 and NESM group across all cells (P ≤ 

0.01). However, the variance between conditions was low and thus when 

comparing the averages for each group, it showed no significant difference 

(P=0.21). Therefore, the NESM is unlikely to affect caspase activity on its own, 

and the mislocalization of TDP43 significantly increases caspase activity in 

differentiated SH-SY5Y neuronal cells.  

 

The neuronal network was also analysed using the marker TUJ1, which stains 

the cell bodies, dendrites, axons, and neurite branches of neurons and 

therefore can be used to analyse the neuronal network. This is as diseased 

neurons display shorter axons and less branching and it could be investigated if 

TDP43 mislocalization contributes to this disease phenotype. Firstly, figures 6E 

and F show that the nanobody has no significant effect on branching and 

outgrowth in differentiated SH-SY5Y cells. There was a slight, non-significant, 

increase in branching and outgrowth for the T+0 condition, where 

overexpressed TDP43 is present in the nucleus. However, when the NESM 

nanobody is introduced and mislocalization of TDP43 occurs, there is a 

decreased trend in both neurite outgrowth and branching. A representative 

image of the neuron network stained with TUJ1 (green) for T+0 and T+M can be 

seen in figure 6G. Although the change observed is not significant, the 
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decreased trend is what is expected following mislocalization of TDP43 in 

neurons.  

 

Additionally, TDP43 dysregulation has also been shown to affect the proteins 

STMN2 and UNC13A that are involved in synapse and microtubule 

maintenance. It is known that these genes undergo splicing defects when 

TDP43 is depleted which causes the inclusion of a cryptic exon in the UNC13A 

and STMN2 genes. This results in the UNC13A protein not being produced and 

a truncated version of the STMN2 protein being made. Therefore, qPCR was 

used to measure the normal genes, the truncated version for STMN2 (TRUNC) 

and the UNC13A transcript containing the cryptic exon (CE). The results can be 

seen in figure 6H and show that there is no significant change following 

mislocalization of TDP43 on STMN2 (P=0.33) and its truncated version 

(P=0.08), whereas a small significant decrease can be observed for UNC13A 

(P=0.03). It is expected that the STMN2 (TRUNC) would be increased, and the 

healthy gene decrease, as well as an increase in the UNC13A (CE). 

Interestingly however, UNC13A (CE) was undetectable and therefore not being 

expressed following mislocalization. Therefore, the data confirms that the 

normal genes are still being expressed, with the truncated or altered versions 

barely affected. As a result, TDP43 mislocalization via this mislocalization 

model is not enough to alter these genes as dramatically as what is observed in 

patients. This is likely due to the WT TDP43 still being present in the nucleus of 

the neurons, and therefore would need to be repeated using a model were 

nuclear TDP43 is ablated as this is more relevant to patients. 
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Figure 6. TDP43 mislocalization causes a disruption in phenotype in 
differentiated SH-SY5Y cells. 
 
(A+B) Caspase activity increases following TDP43 mislocalization. A) Bar chart 
showing average caspase intensity ± standard error (SE) for T+0 and T+M 
groups. B) Box and whisker plot showing distribution of caspase intensity with 
median, minimum and maximum values. T-test statistical analysis looking at the 
whole sample (B) and averages (A) both showed a significant change between 
T+0 and T+M conditions, n=3, P-values ≤ 0.05 were considered statistically 
significant, **P ≤ 0.01. For B, graph and statistics done in R. 
 
(C+D) Treatment with nanobody alone has no effect on caspase activity. A) Bar 
chart showing average caspase intensity ± standard error (SE) for 0 and M 
groups. B) Box and whisker plot showing distribution of caspase intensity with 
median, minimum and maximum values. T-test statistical analysis showed a 
significant change between 0 and M on the whole sample, however no 
significant change was observed between averages, n=3. P-values ≤ 0.05 were 
considered statistically significant, **P ≤ 0.01, NS=not statistically significant. 
For D, graph and statistics done in R. 
 
(E+F) Neurite outgrowth and branching analysis following TDP43 
mislocalization. Bar charts show average outgrowth and number of branches 
per cell normalised to 0 control ± SE. Analysis was carried out using TUJ1 
marker and PICO analysis software. 0 vs M, 0 vs T0, and T0 vs TM were 
statistically analysed using a t-test. P-values ≤ 0.05 were considered statistically 
significant, NS=not statistically significant.  
 
(G) Representative images showing neuronal networks for T+0 and T+M groups 
stained using an antibody for TUJ1 (green) and nuclear Hoechst dye (blue). 
Scale is 106um. 
 
(H) Gene expression changes for genes linked to synapse and microtubule 
maintenance following TDP43 mislocalization. All results were normalised to 
T+0 values, indicated by the dotted line on the graph at 1. Results presented 
are average fold change compared to control ± standard error (SE). A two-
sample t-test was performed assuming equal variance, n=3. P-values ≤ 0.05 
were considered statistically significant, *P ≤ 0.05, **P ≤ 0.01, NS=not 
statistically significant.  
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miRNAs become dysregulated following TDP43 mislocalization 

 

Differentiated SH-SY5Y cells show changes in miRNA gene expression 

following TDP43 mislocalization. SH-SY5Y cells were differentiated and 

transduced using the TDP43 model as described previously. A selection of 

miRNAs were chosen based on previous bioinformatic analysis performed by 

the Bhinge lab that looked at altered miRNAs in sporadic cases of ALS. These 

miRNAs were screened using qPCR to observe if they are expressed/altered in 

differentiated SH-SY5Y cells upon treatment. Figure 7A below shows the gene 

expression for different miRNAs tested normalised to the control (T+0), with 

housekeeping genes HPRT1, RNU5 and RNU6. Many of the miRNAs tested 

showed a significant downregulation in expression following TDP43 

mislocalization (miR139: 0.59, P=0.0042) (miR-10a: 0.52, P=0.0013) (miR-9-3p: 

0.45, P=0.0038) (miR-9-5p: 0.61, P=0.011) (miR-29a: 0.46, P=0.0050). 

However, miR-342 and miR-218 did not give a significant result.  

 

Although miR-218 was not significant, it still showed a decrease in relative 

expression compared to the control (0.68, P=0.064). The downregulation 

observed may have increased if the experiment ran for an extended period as 

AAVs can take longer to be expressed in cells. Therefore, it was decided to not 

ignore the decrease seen in miR-218, although non-significant. Additionally, the 

CT values observed for miR-9-3p and miR-342 were much higher compared to 

the other miRNAs tested (CT>31). Therefore, there was less detectable target 

RNA for this sample, leaving the results unreliable and these were omitted from 

future investigation. Several of these miRNAs are known to be involved in 

different cell signalling pathways, so qPCR analysis was performed to observe 

any expression changes in genes from key pathways implicated in 

neurodegenerative disease. 
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Differentiated SH-SY5Y cells show changes in gene expression following 

TDP43 mislocalization. Previous work from the Bhinge lab has shown that 

miR-139 can target the WNT pathway in MNs.(62) Additionally, several miRNAs 

can target the TGF-β pathway, like miR-10a.(69–71) Hence, we investigated 

whether the WNT and TGF-β pathways were upregulated after TDP43 

mislocalization. Figure 7B shows the gene expression changes for these genes 

with fold changes normalised to the controls (±SE). Housekeeping genes were 

GAPDH, HPRT1, TBP, ACTB and RPL13. WNT3A, WNT7A, WNT10B and 

ITGA5 showed upregulation in expression. Whereas WNT4, WNT11 and 

CCND3 indicate some downregulation following TDP43 mislocalization. All 

other genes tested did not indicate a change in gene expression following 

TDP43 mislocalization. Due to large biological variation, the changes observed 

were not statistically significant, other than the small downregulation seen in a 

cancer related gene CCND3, which is involved in the cell cycle (0.9, P=0.037). 

Although the changes have not shown statistical significance, the overall trend 

for some of the genes were prominent. Such as ITGA5 (2.71), WNT3A (3.24), 

WNT7A (2.08), WNT10B (1.57), WNT4 (0.86), WNT11 (0.89), TGF-βI (0.90). As 

the Wnt genes were the ones that seemed to show the most changes in gene 

expression, miR-139 and miR-218 were the main focus of the following 

experiments as they have not only been shown to be downregulated in patients 

but are known to be involved in regulating this pathway.  
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Figure 7. miRNA and related pathway gene expression following TDP43 
mislocalization. 
 
(A) miRNA gene expression changes following TDP43 mislocalization. miRNA 
levels were measured in the mislocalized (T+M) group and normalised to the 
control, nuclear TDP43 group (T+0) indicated by the dotted line on the graph at 
1. Results presented are relative average fold change compared to control ± 
SE. A t-test was performed assuming equal variance, n=3, P-values ≤ 0.05 
were considered statistically significant, *P ≤ 0.05, **P ≤ 0.01, NS = not 
statistically significant.  
 
(B). Gene expression changes for genes involved in key cellular pathways 
following TDP43 mislocalization. All results were normalised to T+0 values 
indicated by the dotted line at 1. Results presented are relative average fold 
change compared to control ± SE. A two-sample t-test was performed, n=3. P-
values ≤ 0.05 were considered statistically significant, only one gene (CCND3) 
showed a significant result, *P ≤ 0.05, while the rest of the genes tested showed 
no statistically significant change in expression.  
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Downstream targets of miRNAs dysregulated following TDP43 

mislocalization 

 

miR-218 targets DNA methylation enzyme DNMT3A. miR-218 is known to be 

the most down regulated miRNA in ALS and in this study qPCR miRNA analysis 

showed it was downregulated following mislocalization of TDP43. By using a 

program called Target Scan that shows targets of miRNAs, the gene for 

methylation enzyme DNMT3A was discovered to have a target for miR-218 in 

its 3’UTR. SH-SY5Y cells were transfected with two plasmids containing the 

sequence for DNMT3A. The control plasmid contained an unaltered sequence 

in the UTR of DNMT3A, whereas the second plasmid contained a mutated site 

where the sequence for miR-218 resides. Thus miR-218 would be unable to 

bind and target the DNMT3A mRNA for degradation. The plasmid for DNMT3A 

is a PSI-Check plasmid as mentioned in methods, therefore the levels of 

DNMT3A correlate directly with renilla.  

 

Following independent transfection of these plasmids in SH-SY5Y cells, it can 

be seen in figure 8A that miR-218 may directly target the UTR of DNMT3A. In 

the WT version, where miR-218 can bind, there is an average DNMT3A reading 

of 2.58. Whereas in the cells that were transfected with the MT DNMT3A 

plasmid, there is an increase in renilla reading by 0.64 to 3.22. This shows that 

miR-218 may target and thus regulate DNMT3A mRNA expression, however 

after performing a t-test, the result was non-significant due to some variability 

between replicates (P=0.28) (n=3). To investigate this further, subsequent 

overexpression and knockdown experiments were performed on miR-218 to 

see if DNMT3A is altered following miR-218 perturbation using methods to 

independently knockdown and increase miR-218 levels. A shRNA AAV plasmid 

was used to cause overexpression of miR-218, while a miR-218 sponge was 

used to sequester miR-218.  
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Perturbing miR-218 in SH-SY5Y cells and the effect on DNMT3A. Figure 8B 

shows a schematic for the basic structure of a miRNA sponge containing three 

binding sites for a target miRNA. miRNAs bind to these sites and are 

sequestered, preventing them from binding to their target mRNAs. Therefore, 

miRNA sponges can be used to investigate miRNA loss-of-function 

mechanisms. In addition, multiple binding regions on a miRNA sponge allows 

both short and long-term knockdown. This study utilised a miRNA sponge that 

has been developed in the Bhinge lab to target miRNA-218. The two plasmids 

mentioned previously were transfected alongside the PSI-Check plasmids 

containing the WT and MT versions of the DNMT3A UTR miR-218 site. As a 

positive control, the plasmids were also co-transfected with a PSI-Check 

plasmid for miR-218 to confirm the knockdown and overexpression had been 

successful. As seen in figure 8C the miR-218 sponge was able to sequester 

miR-218 as a 3.5-fold increase can be observed in renilla reading. Additionally, 

the overexpression plasmid successfully increased the levels of miR-218 as 

renilla decreased by 1.6. Therefore, these methods can be used to successfully 

perturb miR-218 in SH-SY5Y cells. 

  

To observe if perturbing miR-218 has any effect on DNA methylation enzyme, 

DNMT3A, the same transfection was carried out as mentioned above. However, 

in subsequent media changes puromycin antibiotic was added (final 

concentration 1ug/ml) to kill any cells that had not been transfected with the 

puromycin resistant plasmids. An immunostaining protocol was carried out on 

the remaining transfected cells using a primary antibody for methylation enzyme 

DNMT3A. Figure 8D shows the average DNMT3A intensity for each condition 

normalised to the controls. Significant changes were detected following t-test 

analysis between the empty sponge control and miR-218 sponge (P=0.0015). 

However, there was no significant change between the OCT4 control and miR-

218 overexpression (P=0.26). This can be observed more clearly in figure 8E 

where the violin plot shows the distribution of the cell intensities for each 

condition, with the median values indicating there is not an obvious difference 

between conditions. Therefore, without further investigation, it is shown that 

miR-218 perturbation only gives a small significant effect on DNMT3A 

expression. 
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Figure 8. miR-218 targets DNA methylation enzyme DNMT3A. 
 
(A). miRNA-218 targets DNMT3A mRNA. Results from dual luciferase reporter 
assay performed 72-hours post transfection. Graph shows average ± SE, a t-
test was performed to analyse differences between groups, n=3, NS = not 
statistically significant. 

(B). Basic structure of a miRNA sponge. A miRNA sponge contains a viral 
promoter (cytomegalovirus = CMV), reporter gene (green fluorescent protein = 
GFP), a target sequence for a specific miRNA, and a terminator sequence 
(bovine growth hormone = BGH). (miRNA = micro ribonucleic acid). Created 
with BioRender.com. 

(C). miR-218 levels can be perturbed in SH-SY5Y cells. Bar graph shows renilla 
mRNA levels compared to control after treatment with a miR-218 sponge or 
overexpression plasmid for miR-218. A PSI-Check plasmid was used to 
determine renilla levels and has a binding site present for miR-218. (Columns 1 
and 2) Sponge sequesters miR-218 and thus the PSI-Check plasmid is not 
targeted and broken down. Renilla reading is higher and thus ‘rescued’ 
compared to control. (Columns 3 and 4) Overexpression plasmid increases 
miR-218 levels, more can target PSI-Check plasmid for degradation, thus 
Renilla reading is decreased. n=1, thus no statistical testing performed.  

(D). Perturbation of miR-218 is unlikely to affect DNMT3A in SH-SY5Y cells. Bar 
chart showing average DNMT3A intensity ± SE. T-test analysis was performed 
to analysis differences between each control and condition, n=3, **P ≤ 0.01, NS 
= not statistically significant.  
 
(E). Violin plot showing the distribution of DNMT3A intensity. Plots show the 
median, minimum, maximum values of log2 DNMT3A intensities for each 
treatment. T-test analysis was performed to analyse differences between each 
control and condition, n=3, ****P ≤ 0.0001, NS = not statistically significant.   
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β-Catenin overexpression increases cell death in differentiated SH-SY5Y 

cells. miR-139 is another miRNA that has been shown to be implicated in ALS, 

and recently it was linked to the canonical Wnt signalling pathway. It was shown 

that when downregulated, it causes hyperactivation of canonical Wnt and 

consequently an increase in β-Catenin. The miRNA qPCR data in this study 

also showed that following TDP43 mislocalization, miR-139 was significantly 

downregulated in the differentiated SH-SY5Y cells. Therefore, a transfection 

was carried out to overexpress β-Catenin in differentiated SH-SY5Y cells. The 

plasmids used consisted of a shRNA AAV plasmid containing the sequence for 

β-Catenin with a GFP as a fluorescent marker and the control was an empty 

plasmid with just the GFP marker present. A preliminary transfection was 

performed using two concentrations of plasmid, 400ng and 600ng, and after 48 

hours caspase intensity was measured using immunostaining.  

 

Figure 9A shows the average caspase intensities for both concentrations 

normalised to their GFP controls used at the same final concentrations. Only 

cells that were GFP positive were measured for caspase intensity. Figure 9B 

shows violin plots of the distribution of the caspase intensities across all cells. 

There was an 85% increase in caspase activity for the 400ng condition, while a 

40% increase can be seen for the 600ng condition. More cell death was 

observed in the 600ng condition and this was likely due to the large amount of 

plasmid rather than β-Catenin overexpression alone. Only one replicate was 

performed (n=1) and therefore no statistics were carried out. β-Catenin 

transfection efficiency was low due to a large plasmid size of around 3Kb bigger 

than the control (7Kb). More optimisations need to be carried out to find a more 

effective transfection method for this plasmid before biological replicates can be 

performed. However, the overall trend does support the statement that 

increasing levels of β-Catenin causes an increase in programmed cell death.  
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Figure 9. β-Catenin overexpression may increase apoptosis in 
differentiated SH-SY5Y cells. 
 
(A) Overexpression of β-Catenin may increase caspase activity in differentiated 
SH-SY5Y cells. Bar chart showing average caspase intensity ± SE for each 
concentration normalised to respective control, n=1, thus no statistical analysis 
performed. 
 
(B) Violin plot showing the distribution of caspase intensities following β-Catenin 
overexpression. Plots show the minimum, maximum and median caspase 
intensities (log2) for each condition. n=1, thus no statistical analysis performed.  
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Nuclear knockdown of wildtype TDP43 using shRNAs 

 

Nuclear KD of TDP43 alters the phenotype in differentiated SH-SY5Y cells. 

This study has shown that using an overexpression model to cause 

mislocalization of TDP43 causes a cell phenotype, molecular phenotype and 

disruptions to miRNA expression. However, the model used has its flaws as it is 

an overexpression model, therefore the WT TDP43 protein is still present in the 

nucleus to carry out its role and this does not represent what is observed in the 

majority of ALS cases, where TDP43 is mainly absent from the nucleus. 

Therefore, to observe which is more detrimental in vitro, TDP43 mislocalization 

or absence, a knockdown (KD) of TDP43 was carried out. shRNAs that target 

the WT TDP43 were designed and cloned into lentiviruses that would target and 

KD TDP43. Three shRNAs were used, two designed from the coding sequence 

(CDS 1 and 2) and one from the 3’UTR region of TDP43, a renilla shRNA was 

used as a control. 

 

The designed TDP43 KD shRNAs were transduced into differentiated SH-SY5Y 

cells after one week of differentiation, following the same timeline as the 

mislocalization model. After one week immunostaining and qPCR analysis was 

performed. Figure 9A shows the average nuclear intensity for TDP43 for each 

shRNA and B shows the distribution of TDP43 intensities. The data indicates 

that the CDS 2 shRNA gave a KD of TDP43 protein by around 40% compared 

to the control. CDS 1 gave a 10% KD and the 3’UTR giving only a 5% KD when 

each was compared to the control. The distribution of KD was greatest for the 

3’UTR, meaning it was the least effective shRNA used for TDP43 KD when 

compared to the renilla control. The average KD for each CDS shRNA was 

significant when individually compared to the control by t-test (CDS 1, 

P=0.0017) (CDS 2, P=0.000021), however the small KD observed for the 3’UTR 

targeting shRNA was not significant compared to control (P=0.057). The graph 

in figure 10B showed all differences to be small, but significant (P ≤ 0.0001), 

this was likely due to low variance between measurements. As this analysis is 

looking at protein level, it is unclear if the shRNAs were effective at reducing 

TDP43. This is as something to be considered is that the conjugated secondary 

antibody used in immunostaining can bind several times to one primary and 
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thus give an over exaggerated reading. To confirm TDP43 KD, further qPCR 

analysis was performed later.  

 

At the same time as staining for TDP43, an antibody for caspase was also used 

and caspase intensity analysed. The graph in figure 10C shows the average 

caspase intensity normalised to the renilla control for each of the three shRNAs 

and the distribution can be viewed in the violin plots in 10D. The shRNA CDS 2 

gave an increased caspase reading of 25% compared to control, which was a 

significant increase (P=0.00029). CDS 1 did not increase significantly compared 

to the control (9%, NS) and neither did the 3’UTR shRNA (7%, NS). The violin 

plots showed significant differences for all shRNAs used when each was 

compared with the control (P ≤ 0.0001). However, for CDS 2 a higher trend is 

observed for caspase intensity compared to the control, as opposed to when 

CDS 1 and the 3’UTR shRNAs were compared to the control, indicating that the 

larger KD of TDP43 may cause higher levels of apoptosis. 

 

The neuronal network was also analysed as before using TUJ1 as a marker, 

with the expectation that TDP43 KD would decrease network complexity. The 

graphs in figures 10E and 10F show that surprisingly for all the shRNAs used 

there was an increase in neurite outgrowth and branching compared to the 

renilla control. The data is average outgrowth or number of branches per cell 

and all data is normalised to the control shown as a line at 1. CDS 1 vs control 

(Outgrowth P=0.0048, #Branches P=0.00092), CDS 2  vs control (Outgrowth 

P=0.0065, #Branches P=0.0011) and 3’UTR vs control (Outgrowth P=0.022, 

#Branches P=0.0022) All showed a significant increase when compared to the 

control. The 3’UTR shRNA showed less branching and outgrowth and CDS 1 

showed the most outgrowth and branching when each was compared to the 

control. A representative image for network growth (TUJ1) and caspase can be 

seen in figure 10G for both the renilla control (left) and the CDS 2 shRNA 

(right). These results did not correlate with TDP43 KD and were unexpected, 

one explanation may be that the cell line used was a cancer cell line and thus 

perhaps gave unrealistic results as they are more resilient than primary MNs. 

The experiment will therefore need to be repeated in MNs.  
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Figure 10. TDP43 knockdown causes a disrupted cell phenotype in 
differentiated SH-SY5Y cells. 
 
(A) shRNAs cause knockdown of TDP43 protein in differentiated SH-SY5Y 
cells. Bar chart shows average TDP43 intensities ± SE normalised to renilla 
control. T-test analysis was performed to analyse differences between the 
renilla control and each shRNA, n=3, **P ≤ 0.01, ***P ≤ 0.001, NS = not 
statistically significant. 
  
(B) Violin plot showing the distribution of TDP43 intensities (log2) across all 
cells for each shRNA. The maximum, minimum and median values shown, and 
t-test analysis was performed to analyse differences between the control and 
each shRNA, n=3, ****P ≤ 0.0001.  
 
(C)  Knockdown of TDP43 in differentiated SH-SY5Y cells causes increased 
caspase activity. Bar chart shows average caspase intensities ± SE normalised 
to renilla control. T-test analysis was performed to analyse differences between 
the control and each shRNA, n=3, ***P ≤ 0.001, NS = not statistically significant. 
 
(D) Violin plot showing the distribution of caspase intensities (log2) across all 
cells for each shRNA. The maximum, minimum and median values shown, and 
t-test analysis was performed to analyse differences between the control and 
each shRNA, n=3, ****P ≤ 0.0001.  
 
(E+F) Neurite outgrowth and branching analysis following TDP43 KD. Bar 
charts show average outgrowth and number of branches per cell normalised to 
renilla control ± SE. Analysis was carried out using TUJ1 marker and PICO 
analysis software. A t-test was used to analyse differences between the control 
and each shRNA, n=3, *P ≤ 0.005, **P ≤ 0.01, ***P ≤ 0.001. 
 
(G) Representative immunofluorescence images following TDP43 KD. Images 
shown are for renilla control (left) and CDS 2 shRNA (right) using an antibody 
for TUJ1 (green) and nuclear Hoechst dye (blue). Scale is 106um. 
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To see if the previous IF results were accurate, qPCR analysis done to look at 

TDP43 expression. Housekeeping genes for the qPCR were the same as 

previous and all results have been normalised to the renilla control. Figure 11A 

shows the relative fold change for the shRNAs and indicates that at a molecular 

level a higher KD is seen. All shRNAs could significantly KD TDP43 when 

compared to the control, with the CDS 2 shRNA giving an 80% KD (P=3.03E-

09). CDS 1 gave a 42% KD vs the control (P=5.73429E-09), while the 3’UTR 

caused a 35% KD when compared to the control (P=0.0012). This shows that 

all the shRNAs can KD TDP43 to some degree when compared individually to 

the control. 

 

Studies have shown that absence of TDP43 in patients causes certain splicing 

defects, particularly in the genes STMN2 and UNC13A, that are involved in 

synapse and microtubule maintenance. Therefore, qPCR analysis was carried 

out to look at the same genes tested before following the mislocalization model. 

These were STMN2, STMN2 (TRUNC), UNC13A, and UNC13A (CE), 

housekeeping genes were the same as before. Figures 11B-D the gene 

expression can be observed for the CDS 1, 2 and 3’UTR shRNAs relative to the 

control. There was a significant decrease in STMN2 gene expression for the 

CDS 2 (P=4.29E-09) which had an 80% TDP43 KD when compared to the 

control. While CDS 1 (P=0.035) and the 3’UTR (P=0.019) shRNA’s showed 

upregulation, when individually compared to the control, in STMN2 expression.  

 

The truncated STMN2 (TRUNC) showed an increase for CDS 1 (3.69, P=0.010) 

and the 3’UTR (3.34, P=0.00028). An upregulation was also seen in for the 

CDS 2 when all were separately compared to the control (26.26, P=7.25E-07). 

UNC13A showed a similar trend, with the normal UNC13A gene decreasing for 

CDS 2 (0.88, P=0.014). However, it increased slightly for CDS 1 (1.07, 

P=8.62E-06) and the 3’UTR shRNA (1.15, P=NS). Finally, the UNC13A gene 

harbouring the CE increased in expression relative to the control for CDS 2 

(878.55, P=0.00030) correlating with a high TDP43 KD. There was no 

significant change in UNC13A (CE) expression for the CDS 1 and 3’UTR 

shRNAs (1.11 and 0.63). Perhaps showing that 35-40% level of TDP43 KD 

(when compared to the control) is not enough to induce a molecular phenotype 

in these specific genes. 
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Figure 11. TDP43 knockdown causes a disrupted molecular phenotype in 
differentiated SH-SY5Y cells. 
 
(A) qPCR analysis for TDP43 expression individually plotted from graphs B-D. 
Results presented are relative average fold change ±SE, each shRNA was 
normalised to renilla control, indicated by the dotted line at 1. A t-test was 
performed to analyse differences in TDP43 expression, n=3. P-values ≤ 0.05 
were considered statistically significant, **P ≤ 0.01, ****P ≤ 0.0001.  
 
(B-D) qPCR analysis for genes involved in synapse and microtubule regulation. 
Results presented are relative average fold change ±SE, each shRNA was 
normalised to renilla control, indicated by the dotted line at 1. A t-test was 
performed to analyse differences in gene expression, n=3. P-values ≤ 0.05 were 
considered statistically significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 
0.0001, NS = not statistically significant. 
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Nuclear KD of TDP43 alters miRNA profiles in differentiated SH-SY5Y 

cells. As previously mentioned, miRNAs are known to be altered and 

dysregulated in several neurodegenerative conditions. The same miRNAs were 

measured as before following TDP43 mislocalization. The results were different 

to what was seen with this previous model and can be seen in figure 12 all the 

shRNAs surprisingly caused increases in miRNA levels compared to the 

control. The CDS 2 that showed the largest TDP43 KD unexpectedly showed 

the least disrupted miRNA profiles with the only significant upregulation of over 

2-fold being for miR-139 (P=2.66E-05). CDS 1 showed significant increases for 

all the miRNAs tested apart from miR-10a (miR-139: 2.52, P=7.23E-05, miR-

218: 1.56, P=0.00082, miR-9-5p: 1.70, P=3.86E-05, miR-342: 1.91, P=0.0062) 

and the 3’UTR caused significant upregulation in all of the miRNAs (miR-139: 

2.11, P=0.0015, miR-218: 1.98, P=0.040, miR-10a: 1.75, P=0.044, miR-9-5p: 

1.88, P=0.022, miR-342: 1.44, P=0.0032). This was surprising considering that 

TDP43 regulates miRNA biogenesis and therefore these findings need to be 

investigated further to confirm if they are accurate.  
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Figure 12. miRNA expression following TDP43 knockdown. qPCR analysis 
was performed for several miRNAs following TDP43 KD. Results presented are 
relative average fold change ±SE, each shRNA was normalised to renilla 
control, indicated by the dotted line at 1. miRNA expression was normalised to 
housekeeping genes HPRT1, RNU5 and RNU6. A t-test was performed to 
analyse differences in miRNA expression, n=3. P-values ≤ 0.05 were 
considered statistically significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 
0.0001, NS = not statistically significant. 
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Discussion 

Mislocalization of TDP43 causes an altered cell phenotype in SH-SY5Y 

cells 

This study used a model that caused mislocalization of overexpressed TDP43 

from the nucleus to the cytoplasm. Models have been developed previously that 

can cause TDP43 to be mislocalized and many do this by mutating or getting rid 

of the NLS.(72–75) This study does not alter the NLS, but instead uses a small 

antibody known as a nanobody, that binds to the eGFP region of overexpressed 

TDP43-eGFP. The nanobody harbours a strong NES that causes TDP43 

mislocalization by overriding the TDP43 NLS. This model successfully 

mislocalized the overexpressed TDP43 and therefore can be used to 

investigate what occurs when cytoplasmic TDP43 accumulates. In the 

mislocalization model, the WT TDP43 is still present in the nucleus and 

therefore does not depict what is seen in the majority of patients. However, 

overexpression models are still an effective way of detecting pathways and 

targets that are affected by a gene or protein of interest.(76) 

Neurodegenerative conditions are characterised by an increase in neuron 

death, eventually leading to disease onset and progression. In ALS for example, 

it is the degeneration and death of MNs that cause weakening of muscles and 

paralysis over time as muscle cells can no longer be innervated.(1) The 

increased cell death is caused by apoptosis, a mechanism of programmed cell 

death caused by caspase enzymes. Caspases are enzymes that are involved in 

processes such as proliferation, differentiation, inflammation, but their main role 

is causing apoptosis.(77) Caspases can be initiators of apoptosis, like caspase-

2 or -8 or executioners, for example caspase-3 or -6.(78) Caspase-3 was shown 

to be increased following TDP43 mislocalization in this study, therefore it is 

likely that mislocalization of TDP43 is able to trigger the initiation of apoptosis. 

Increased caspase-3 activity is observed in diseases like ALS and AD.(79,80) 

This study also shows a link between TDP43 mislocalization and increased 

caspase-3 activity, thus providing further confirmation that TDP43 cytoplasmic 

accumulation is likely a key driver of apoptosis in TDP43 proteinopathies. 

Diseased neurons also display changes to their morphology compared to 

healthy neurons, including reduced complexity, shorter axons and less 

https://paperpile.com/c/idUdCg/r732v+2G9zb+4I4nS+VnfwF
https://paperpile.com/c/idUdCg/QOvHm
https://paperpile.com/c/idUdCg/kdNY3
https://paperpile.com/c/idUdCg/h8rbd
https://paperpile.com/c/idUdCg/Q8VF0
https://paperpile.com/c/idUdCg/eZ5JF+82Sfd
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branching. Following mislocalization of TDP43 using the model described 

above, the neuronal network was analysed. The data showed a decreasing 

trend for the number of branches and neurite outgrowth from the control to the 

mislocalized condition. TDP43 is known to play a role in neuron growth and 

differentiation, therefore the degeneration observed in diseased neurons may 

be contributed to by the dysregulation of TDP43 in TDP43 proteinopathies.(81) 

mislocalization of TDP43 is also known to cause aggregates to form in the 

cytoplasm, these aggregates have been described to cause defects in neurite 

growth and differentiation.(82,83) It is unknown if the TDP43-eGFP used in this 

study was able to form aggregates when mislocalized, but this would explain 

why neurite branching and outgrowth was decreased. However, future 

experiments would need to be performed, for example western blot analysis, to 

confirm if there are any aggregates formed following TDP43 mislocalization.(22) 

These aggregates are seen in the majority of ALS cases and thus confirmation 

of aggregate formation would mean the model is representative of the disease 

even more so.(84)  

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/idUdCg/72Ypd
https://paperpile.com/c/idUdCg/4niZs+o0ZXO
https://paperpile.com/c/idUdCg/melZK
https://paperpile.com/c/idUdCg/AThmK
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Investigating miRNA expression and targets following TDP43 

dysregulation 

Patients with neurodegenerative conditions show dysregulated miRNA profiles 

and certain miRNAs can even be used as biomarkers.(34,36,85) Differentiated 

neuroblastoma cells showed altered miRNA expression profiles following 

TDP43 mislocalization. Several miRNAs were selected based on bioinformatic 

analysis that looked at dysregulated miRNAs in patients with sporadic ALS. A 

preliminary qPCR experiment was performed on these miRNAs and those 

expressed in differentiated SH-SY5Y cells were measured following the use of 

the nanobody model that can mislocalize TDP43. This study showed all the 

miRNAs tested were downregulated following TDP43 mislocalization. miR-139, 

miR-9, miR-10a, miR-29a and miR-342 all gave significantly decreased 

expression, while miR-218 showed downregulation, but this was not significant. 

However, an explanation for miR-218s less significant decrease in expression 

could be due to experiment length as AAVs can take longer to be expressed in 

post mitotic cells, and in this case, it can take around 7-10 days. Therefore, the 

result for miR-218 was not ignored, as a downregulation was still observed only 

a week after transduction, and if left longer this may have become significant. 

It is already known that miRNAs are dysregulated in neurodegenerative 

conditions such as PD, FTD, AD and ALS.(43,50,52,86) miR-10a is enriched in 

the brain and is decreased in PD models, but when overexpressed it reduces 

the toxicity in a PD model using SH-SY5Y cells.(52) However, research is 

lacking looking at this miRNA in the context of other neurodegenerative 

diseases, like ALS. This study has shown that miR-10a is not only decreased in 

PD, but may be decreased in other TDP43 proteinopathies, like ALS. miR-9 

plays an important regulatory role in dementia and is dysregulated in AD, ALS 

and other neurodegenerative conditions.(87–90) Its dysregulation across 

several neurodegenerative conditions may be linked to the TDP43 

mislocalization observed across some of these diseases. miR-139 and miR-218 

have both been shown to be downregulated in ALS patients, with miR-139 

shown to regulate WNT signalling in a recent study.(62,91,92) miR-29a is an 

important player in AD and can act as a biomarker, but has not been 

researched in depth relating to other neurodegenerative conditions.(85,89) 

While miR-342 has been linked to prion diseases, cancer, and fibrosis, while 

https://paperpile.com/c/idUdCg/mipLG+yUUKG+Ijoeh
https://paperpile.com/c/idUdCg/kWcnl+trLdC+RAVyo+PszzB
https://paperpile.com/c/idUdCg/PszzB
https://paperpile.com/c/idUdCg/t1AmS+LPzt5+nP9W6+Szt8k
https://paperpile.com/c/idUdCg/Y8QM+6XZbK+exsIb
https://paperpile.com/c/idUdCg/mipLG+nP9W6
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research is lacking that links miR-342 to neurodegenerative conditions like PD, 

AD and ALS.(93–95) However, all of these miRNAs are downregulated in 

differentiated SH-SY5Y cells after TDP43 mislocalization. 

TDP43 mislocalization is observed in ALS, dementia, PD and AD and as 

mentioned above, many miRNAs are dysregulated in these diseases, inclusive 

of those measured in this study.(12) It could be speculated from this data, that 

TDP43 being mislocalized to the cytoplasm could be a key factor as to why 

these miRNAs are shown to be downregulated. Additionally, the downregulation 

observed is not a full representation of what is seen in patients. The AAVs used 

in the nanobody model can take up to 10 days to be expressed, therefore this 

may explain the non-significant result for miR-218. Thus, if the experiment ran 

longer, it could increase the aberrant miRNA profiles observed. Additionally, the 

overexpression model used meant the cells still contained WT TDP43. As it is 

the overexpressed TDP43 that is being mislocalized, the WT would still be in 

the nuclei. This limitation means that the results seen may be a diluted version 

of what is seen in vivo, where nuclear TDP43 is depleted. To address this issue, 

future studies should knock down TDP43 in addition to mislocalization of 

exogenously expressed TDP43. This will show what is more toxic to cells, high 

cytoplasmic TDP43, complete knockdown of TDP43, or whether both nuclear 

knockdown and increase in cytoplasmic TDP43 are required to cause a disease 

phenotype. 

To gain some more insight on the issue raised above, an independent 

experiment where shRNAs were used to knockdown WT TDP43 was 

performed. Three shRNAs were transduced into differentiated SH-SY5Y cells 

following the same timeline used in the mislocalization model. However, instead 

of overexpression and mislocalization of TDP43, the nuclear WT TDP43 was 

knocked down. Two of the shRNAs targeted the coding region of TDP43, while 

one targeted the 3’UTR. The most effective shRNA (CDS 2) knocked TDP43 

down by 80%, while the other two knocked it down by 42% (CDS 1) and 30% 

(3’UTR) respectively. miRNA qPCR analysis was performed following KD using 

all three shRNAs and the results were surprising. Following KD, miRNA levels 

all showed to be upregulated, which was unexpected as this is not normally 

observed as studies have shown KD in certain miRNAs following TDP43 

KD.(81,96,97) 

https://paperpile.com/c/idUdCg/0OhFL+aLlrN+RsLDg
https://paperpile.com/c/idUdCg/4tVez+72Ypd+sM8kn
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Therefore, this study shows that mislocalization is more toxic to miRNA profiles 

than TDP43 KD. This could be due to the mislocalization perhaps causing 

aggregation of the protein in the cytoplasm which is seen in patients.(2) It has 

been shown that TDP43 aggregation can sequester miRNAs, and thus affect 

gene expression.(98) It is unknown if the model causes aggregate formation, 

and this could be investigated in future experiments using techniques such as 

western blotting. The results observed for the miRNA expression after TDP43 

KD were unexpected, it could be speculated that TDP43 may regulate some 

miRNAs in a inhibitory manor and when decreased during KD this causes their 

upregulation, but this experiment would need to be repeated before such a 

speculation could be confirmed. 

The Wnt and TGF-β/SMAD signalling pathways 

After discovery of several miRNAs downregulated following TDP43 

mislocalization, a qPCR experiment was run to investigate some of the 

pathways these miRNAs are involved in to see if these may be altered following 

miRNA dysregulation. The pathways looked at are known to have involvement 

of some of the dysregulated miRNAs like miR-10a and miR-29a in the TGF-

β/SMAD pathway, and miR-218 and miR-139 in the Wnt signalling pathway and 

are also involved in neurodegeneration.(61,62,66,67,69,71,99–101) Although 

no significant results were found due to variability between replicates, there 

were some obvious trends shown for a number of genes. These included 

upregulation in the genes WNT3A, WNT7A, WNT10B and ITGA5, while some 

downregulation was seen in WNT4, CCND3, TGF-βI, TGF-β1 and WNT11. All 

the other genes that were tested showed no change in expression, therefore 

those that showed trends in up or downregulation will be discussed in more 

detail below. 

There are 19 Wnt proteins that are involved in the Wnt signalling pathway. 

These can be canonical, non-canonical or involved in both forms of the Wnt 

signalling pathway. They are shown to be disrupted in most diseases, inclusive 

of cancer and neurodegenerative conditions.(60,61,102) It was therefore 

expected that the Wnt proteins tested would show some dysregulation following 

TDP43 mislocalization. Though WNT4 can activate β-catenin, it is also involved 

in the non-canonical pathway that works independent of β-catenin and has been 

https://paperpile.com/c/idUdCg/JYz23
https://paperpile.com/c/idUdCg/TAkEQ
https://paperpile.com/c/idUdCg/06jMn+UlMXj+qhQZT+Y8QM+ya2V+1gs5+j1BA3+3BTUd+E0fLH
https://paperpile.com/c/idUdCg/06jMn+sx29B+QVkBi
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shown to promote neuronal differentiation.(103) It was decreased following 

TDP43 mislocalization, which does not coincide with other studies revealing that 

β-catenin is increased in neurodegenerative conditions such as ALS.(62) 

However, WNT3a and WNT10B appeared to be upregulated, and these are 

also known to activate β-Catenin signalling.(102) however, interestingly β-

CATENIN transcript levels did not change following mislocalization and AXIN2, 

which is part of the destruction complex that targets β-Catenin also did not 

change in expression. Perhaps mislocalization of TDP43 is not enough to alter 

some of the genes involved in Wnt signalling due to WT TDP43 still being 

present, and at the same time a TDP43 nuclear KD may provide different gene 

expression profiles. 

Many miRNAs are able to regulate components of the TGF-β/SMAD 

pathway.(104) However, this pathway can also regulate miRNA biogenesis as 

the SMAD proteins can bind to the Drosha complex and thus help regulate 

miRNA production.(105) SMAD signalling is activated during TDP43 

mislocalization and it is believed to have a neuroprotective role in preventing 

TDP43 aggregation.(106) Therefore, if TGF-β/SMAD signalling is altered in 

neurodegenerative diseases this may be why dysregulated miRNA profiles are 

seen. Genes tested involved in this pathway showed varied expression. TGF-β1 

and TGF-βI (TGFBI) showed no significant change, but a small trend in 

downregulation was observed. TGF-β1 induces TGF-βI, so the fact they show a 

similar trend  would make sense, but in diseases like ALS and cancer, these are 

increased to activate pathways and proteins, including SMADs.(65,107,108) as 

mentioned before, the fact they were unaffected following mislocalization means 

there must be another or multiple factors that contribute to the variation in TGF-

β expression seen in neurodegeneration. 

Finally, among the genes that did change in expression was a gene known as 

Integrin Subunit Alpha 5 (ITGA5) which was seen to almost triple in expression. 

This gene codes for the alpha subunit of integrins, which are transmembrane 

proteins that function as surface adhesion receptors.(109) ITGA5 is highly 

expressed in multiple cancers and is involved in promoting metastasis and is 

upregulated upon TGFβ activation.(110,111) Despite its role in cancer, there is 

little research that looks at ITGA5, in the field of neurodegeneration. The only 

gene to show a significant change due to small biological variability was a gene 
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involved in the cell cycle; CCND3 (cyclin D3). It was seen to be downregulated 

following TDP43 mislocalization, which aligns with a study using a model of AD 

that found CCND3 to be downregulated and this correlated with neuronal 

death.(112) However, in other diseases such as cancer, CCND3 is seen to be 

increased which causes loss of cell cycle control and further metastasis.(113) 

CCND3 is also targeted by several miRNAs, such as miR-194, and these can 

be used to inhibit and slow cancer progression.(114,115) 

These findings highlight the idea that perhaps nuclear KD of TDP43 is required 

more than or alongside mislocalization to affect gene expression. A qPCR 

assay could be done using the TDP43 KD samples to see if this is the case. But 

it is more likely that both mislocalization and KD of TDP43 are required to affect 

these genes to the same level that occurs in patients. Thus, both methods 

would need to be combined to achieve this in the future. Regardless, the genes 

that changed the most, albeit not significantly, were some of the Wnt genes. 

Two of the miRNAs involved in ALS and Wnt signalling are miR-218 and miR-

139, and these were both dysregulated following mislocalization and 

independent KD of TDP43. Due to already developed techniques by the Bhinge 

lab, these miRNAs were able to be investigated further to try and uncover 

potential targets. 

miR-218 and DNA methylation 

DNA methylation is seen to be increased in neurodegenerative conditions, 

including ALS.(27,28) The transcript for DNA methylation enzyme DNMT3A was 

predicted as a direct target of miR-218 by the microRNA target prediction 

software, Target Scan. SH-SY5Y cells were transfected with two plasmids 

containing the UTR sequence for DNMT3A. One plasmid was the WT 

containing a miR-218 recognition site, whereas the second contained a mutated 

version of the recognition site where miR-218 is thought to target (MT). 

Therefore, in the cells transfected with the MT plasmid, it was expected that 

miR-218 will be unable to bind and degrade the mRNA for DNMT3A and 

therefore its expression would increase. The data showed increased renilla 

activity and thus increased DNMT3A expression in the MT condition (Figure 8) 

and therefore it can be speculated that miR-218 targets this gene. However, 

though the overall trend fit what was expected, there was some biological 
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variability meaning the result was not significant. Hence, a further experiment 

was performed to confirm if miR-218 does have a direct effect on the protein 

levels of DNMT3A. However, IF analysis showed no change in DNMT3A protein 

levels following knockdown and overexpression of miR-218, indicating that miR-

218 is not the main miRNA that regulates this transcript. 

DNA methylation is a mechanism that can cause gene silencing and is 

controlled by DNMT enzymes. These enzymes catalyse the transfer of methyl 

groups to cytosine residues in gene-regulatory regions, such as at promoters 

and enhancers.(29) It is known that the DNMTs are important in CNS 

development and neuron differentiation and function.(116) DNMT3A 

dysregulation has been linked to several disorders, including neuropathic pain, 

fibrosis, heart failure and several cancers.(117–121) However, its role in 

neurodegeneration needs to be  investigated further, as it has mainly been 

linked to is ALS. It is shown that the increase in 5-mc caused by hyperactive 

DNMT3A is observed in the blood and spinal cord of ALS patients.(90) It is also 

described how ALS mice models and cell cultures show MNs increase in 

apoptosis due to upregulation of DNMT3A and DNMT1 causing increased DNA 

methylation.(27) Increased DNA methylation is also observed in AD, particularly 

in late onset AD, with aberrant DNA methylation known to play a role in 

neurodegeneration.(28,30,31,122,123) Additionally, DNMT1 mRNA is shown to 

be increased in PD, but DNMT3A levels are unaffected.(124) It is evident that 

DNMT3A has been studied in the context of many diseases, but few studies 

look at its role in neurodegeneration, inclusive of AD, dementia and ALS. More 

work needs to be done in this area, as DNA methylation is an important 

epigenetic mechanism that can alter transcription of all genes, particularly those 

involved in neurodegenerative conditions.(31) 

DNMT3A was of interest in this study due to the fact that its 3’UTR contains two 

binding regions for miR-218, which is a miRNA known to be decreased in 

neurodegenerative diseases.(91,92) This study indicates that miR-218 also 

appears to decrease in expression following TDP43 mislocalization. 

Consequently, it was speculated that if miR-218 is decreased, then DNMT3A 

expression would be upregulated as miR-218 would no longer target DNMT3A 

mRNA for degradation by RISC. Previous literature supports that this would 

increase apoptosis in cells, explaining one of the reasons why neurons die in 
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diseases like ALS.(28) The first experiment performed indicated that miR-218 

targets DNMT3A, however a further experiment was performed to try and see 

how perturbation of miR-218 would affect DNMT3A in SH-SY5Y neurons. This 

was to confirm if DNMT3A is a main target of miR-218 and how this could play a 

role in neurodegenerative conditions where miR-218 is dysregulated, like ALS. 

miR-218 was independently knocked down and overexpressed in SH-SY5Y 

cells using two different plasmids along with control plasmids for each condition. 

Immunostaining was then performed staining for methylation enzyme DNMT3A. 

Although the luciferase assay indicated that DNMT3A may be a main target of 

miR-218, the immunostaining showed that this may not be true. As disruption of 

miR-218 caused no obvious change in DNMT3A intensity and only a small 

significant difference in DNMT3A signal. The overall distribution indicates that 

DNMT3A is unaffected by miR-218 knockdown or overexpression in-vitro. 

Target Scan software showed many other miRNAs that may bind DNMT3A, and 

therefore it is likely that one of these regulates the transcript to a higher extent, 

and thus miR-218 perturbation will not have an important effect on DNMT3A 

expression. 

Although DNMT3A is apparently not a main target of miR-218, the 

downregulation of miR-218 still could play a role in MN death. There are many 

other targets of miR-218. Therefore, these could also be affected by a decrease 

in miR-218 caused by TDP43 mislocalization. Dysregulation in miR-218 has 

been linked to multiple cancers, including gastric cancer, which shows that 

when miR-218 is decreased, it triggers tumour metastasis.(125) A link between 

miR-218 suppression and increased tumour progression has also been seen in 

lung cancer.(126) In-vivo studies have shown that miR-218 is involved in 

developmental pathways, such as the canonical Wnt signalling pathway.(100) 

This pathway is required in all cells and plays a role in neuronal 

development.(127) miR-218 has targets within this pathway and therefore if it is 

not present to regulate them, the Wnt pathway may become dysfunctional 

leading to impaired neuron development, differentiation and survival. To add, 

when miR-218 is lost or decreased in cells, it has been shown to cause 

neuromuscular failure and synaptic dysfunction.(92) These are characteristics 

of diseases such as ALS and shows that the loss of miR-218 plays a vital role in 

neurodegeneration. This highlights the importance in understanding TDP43 
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proteinopathies, as any possible therapeutics that prevent TDP43 

mislocalization may be beneficial to several neurodegenerative conditions. 

miR-139 and the canonical Wnt signalling pathway 

The canonical Wnt signalling pathway is known to be dysregulated in 

neurodegenerative conditions.(61,128,129) It involves key signalling molecule 

β-Catenin which is a transcriptional co-activator that helps to control 

developmental gene expression. In the absence of Wnt, cytoplasmic β-catenin 

is constantly degraded, but the canonical pathway is activated when a Wnt 

ligand binds to the receptor, leading to stabilisation of β-Catenin. It can then 

travel into the nucleus where it helps to co-activate target gene expression.(60) 

A miRNA that has been found to be decreased in ALS patient spinal cord 

samples is miR-139 and it is known that Wnt is activated in ALS.(86,128) 

Recently it has been illustrated that the canonical Wnt signalling pathway may 

be regulated by miR-139. As when this miRNA is knocked down, it causes 

upregulation of β-catenin and thus activation of the canonical pathway.(62) 

Following overexpression of β-Catenin, activation of apoptosis was investigated 

by an enzyme called caspase 3 was measured using IF. The results displayed 

in this study showed an 85% increase in the intensity of this enzyme. 

Neurodegenerative conditions like ALS are categorised by a large increase in 

neuronal death. Caspase 3 is one of the caspase enzymes that play a key role 

in mediating programmed cell death, also known as apoptosis.(78) Caspase 3 

is involved in neuronal differentiation and apoptosis, and is seen to be 

hyperactivated in neurodegenerative conditions like AD.(77–79) Previously the 

Wnt signalling pathway has been mentioned and its role in neurodegeneration. 

It is known to be dysregulated in neurodegenerative conditions and in particular 

has been linked to ALS.(60,61) A recent study has uncovered a finding that 

links miR-139 to Wnt, specifically the non-canonical Wnt signalling pathway that 

uses β-Catenin as a key signalling molecule.(62) The study described a 

feedback mechanism in which miR-139 regulates Wnt signalling, and when 

depleted it causes hyperactivation of Wnt and an increase in β-Catenin.(62) 

β-Catenin is involved in regulating many pathways and in neurons is involved in 

cell survival and proliferation.(60) Studies have shown that increased activity of 

β-Catenin can cause an increase in apoptosis and tumour growth in diseases 
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such as cancer.(130,131) This study has shown that this increase of apoptosis 

due to increased β-Catenin may also be applicable to neurodegeneration. 

Targeting Wnt signalling as a therapeutic strategy in disease has been spoken 

about widely in research. However, this pathway is extremely important in 

regulating many cell functions and any drugs that target parts of this pathway 

may cause off-target side effects.(132) This study provides more evidence as to 

why targeting miRNAs may be a safer and still beneficial therapeutic approach. 

However, there will still be hurdles to overcome, for example some miRNAs can 

have many targets, therefore more research needs to be conducted before 

considering this approach 
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Gene regulation and splicing defects following TDP43 dysregulation 

Depletion of RNA binding protein TDP43 is a hallmark of many 

neurodegenerative conditions, particularly in dementia and ALS. The loss of this 

protein has been shown to cause splicing defects within cells as mentioned 

earlier.(13,23) Two proteins affected by loss of TDP43 are the UNC13A protein 

and stathmin-2 protein. The UNC13 protein is involved in vesicle priming and 

neurotransmitter release and is therefore critical for signalling at the NMJ, while 

stathmin-2 is involved in microtubule regulation and thus neuronal 

growth.(21,23) TDP43 plays a role in suppressing cryptic exons, these are 

exons that are usually excluded from mature mRNA, and when TDP43 is 

depleted they are included.(23,133,134) The inclusion of a cryptic exon in the 

UNC13A gene means the UNC13A protein is not produced which can be 

detrimental for synaptic functioning.(23) The inclusion of a cryptic exon in the 

STMN2 gene introduces a premature stop codon and therefore leads to a 

truncated version of the STMN2 protein, which disturbs normal neuron growth 

and contributes to neurodegeneration.(21,22,24) Thus the loss of TDP43 can 

cause both of these mutated genes to occur and may be detrimental to 

neuronal functioning and growth. 

During this study a model was used that overexpressed and mislocalized 

TDP43 and in a later independent experiment TDP43 was also knocked down. 

Following both methods of TDP43 perturbation qPCR was performed to 

measure the UNC13A and STMN2 genes, as well as their mutated counterparts 

that are caused by the inclusion of said cryptic exons. The data obtained 

demonstrates that these genes are unaffected by the mislocalization of TDP43, 

and this was likely due to the continued presence of WT TDP43 in the nucleus. 

However, it also shows that the cytoplasmic increase of TDP43 does not have 

an effect on these splicing events and the expression of these genes, like it 

seems to have on miRNA expression. As expected however, the KD of WT 

TDP43 has an impact on these genes and this coincides with what is observed 

in current literature.(23,24) The majority of ALS patients experience TDP43 

pathology (around 97%) with the severity ranging across patients and is said to 

correlate with the stages of disease progression.(135,136) 
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In this study shRNAs were used to KD TDP43 and following qPCR analysis the 

genes STMN2 and UNC13A were seen to be decreased. As STMN2 protein is 

involved in neuron growth and repair, it would be expected that neurite growth 

and branching would decrease following TDP43 KD and STMN2 dysregulation, 

but analysis surprisingly showed increased neurite branching and outgrowth. 

This did not fit with previous work on primary neurons that reported the opposite 

following altered STMN2 expression.(21,137) This result was also different to 

what was observed following the mislocalization model where neurite growth 

and branching showed a decreased trend after mislocalization. Both KD and 

mislocalization of TDP43 have been shown to cause reduced neuron growth 

and complexity.(138) It is therefore unclear as to why an increase was observed 

following KD, but in future studies a  more appropriate post mitotic cell type 

could be used to represent disease better, for example primary MNs. Yet, in this 

study, TDP43 overexpression and mislocalization seems to be more detrimental 

to neurite growth and branching than KD. 

Interestingly the three shRNAs that were utilised in this study to KD TDP43 all 

cause different amounts of KD, one being 80%, another 42% and the one only 

causing a 35% decrease in TDP43 expression. The degree of KD correlates 

with caspase activity and gene expression which can clearly be seen for the 

cryptic exon versions of STMN2 and UNC13A. When TDP43 KD increased so 

did the expression of truncated STMN2 and UNC13A CE. Importantly, this 

study shows that nuclear loss is essential for these gene deficits to occur, as 

mislocalization alone showed no alteration in the expression of these genes, 

where WT TDP43 was still present in the nucleus. Therefore, splicing defects 

increase due to loss of nuclear TDP43, and this study may also show that a loss 

of around 40% TDP43 is when these defects start to become apparent. 

Supporting the idea that TDP43 pathology correlates with stages of disease 

progression.(136) 
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Conclusions, Limitations and Future Direction 

In conclusion, TDP43 dysregulation plays a key role in neurodegenerative 

conditions, particularly ALS. Mislocalization of overexpressed TDP43 causes 

downregulation of miRNAs and thus dysregulation in miRNA processing as well 

as in neuronal growth processes. miRNAs such as miR-218 and miR-139 play 

clear roles in neurodegeneration, although the exact role of miR-218 needs to 

be investigated further, especially as it is the most down regulated miRNA in 

ALS. Other miRNAs that were also seen to be dysregulated could also be 

potential therapeutic targets for neurodegenerative conditions, but until their 

roles are studied at a deeper level this will remain unknown. miR-9, miR-10a 

and miR-342 are promising targets as all are highly dysregulated due to TDP43 

mislocalization and KD and are involved in several degenerative conditions. 

Therefore, therapies targeting miRNAs could be a promising option as it would 

benefit all TDP43 proteinopathies.  

One limitation in this project was time. A key thing that needs to be considered 

for future work is transcriptome and miRNAome analysis. Following use of this 

model these could be carried out to identify all genes and miRNAs that may be 

affected following TDP-43 mislocalization. This would be a big step in identifying 

any new genes or miRNAs that have not yet been linked to neurodegenerative 

conditions such as ALS. qPCR was used as the main approach to look at gene 

expression, however it may not have been optimal, as although it is assumed 

that HK genes remain constant between groups, it is not guaranteed. 

Transcriptomics would have been more reliable and a higher standard 

approach, however due to time restraints qPCR was performed and 3-5 HK 

genes used to try and mitigate any changes in HK expression.  

TDP43 KD also causes miRNA dysregulation, but more so affects splicing of 

genes because of TDP43 nuclear loss. This nuclear depletion is essential to 

cause splicing defects, and this study indicates there may be a threshold of at 

least 40% loss of TARDBP expression required to cause cryptic exon inclusion 

in genes. Indicating that neurodegeneration increases alongside TDP43 

pathology progression. Both nuclear loss and cytoplasmic gain of the protein 

are therefore toxic as they cause disruptions in different processes. Hence, 

different therapies may be required either targeting the nuclear loss or 
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cytoplasmic gain as individual pathways are affected by each. Patients show a 

varying range of TDP43 mislocalization, likely based on disease progression, 

thus indicating a challenge of timing when giving any new therapies. This will be 

important depending on which pathways you want to target based on severity of 

TDP43 pathology. miRNAs seem to be a promising new approach as they are 

implicated in several conditions, can easily be perturbed and could even be 

used as a therapy themself. However, there is also the possibility of off-target 

effects as what was observed in this study for miR-218, miRNAs can target 

several genes and their perturbation can affect some but not others and 

therefore this still needs to be investigated.  

As mentioned previously TDP43 is seen to be both downregulated and 

mislocalized in patients and therefore, future experiments need to be conducted 

to create a more accurate disease model. A shared limitation in these models 

was the low efficiency of TDP43 knockdown and mislocalization. This could be 

improved by using genome editing, and cell sorting by either GFP positive cells 

or by using a selective marker. This would create a cell line that efficiently 

displayed TDP-43 knockdown or/and mislocalization that could be used to 

future experiments. Such a cell line would be best made using iPSC-derived 

MNs. This project used SH-SY5Y cells, which are a cancer cell line and 

therefore will not behave the same as patient neurons, although they can be 

used for proof of concept work, any future work should focus on iPSC-derived 

MNs. This is because conditions like ALS affect a specific cell type, MNs, and 

these cells may have different regulatory networks or genes expressed that are 

not present in SH-SY5Y cells, yet contribute to disease pathology.(139) The 

next step would be to combine the methods in this study to KD and cause 

mislocalization of TDP43 in iPSC-derived MNs. This would create an accurate 

in-vitro model of TDP43 dysregulation and would enable investigation of any 

further miRNAs, splicing defects and linked pathways involved in these 

debilitating neurodegenerative TDP43 proteinopathies. 
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Appendices 

Gene Target Sequence Forward  Reverse  

TARDBP 
CDS 1 (Exon 
6) 

GCTCTAA
TTCTGGT
GCAGCAA 

5'-
GATCCGCTCTAATTCTG
GTGCAGCAACTCGAGTT
GCTGCACCAGAATTAGA
GCTTTTTG-3' 

5'-
AATTCAAAAAGCTCTA
ATTCTGGTGCAGCAA
CTCGAGTTGCTGCAC
CAGAATTAGAGCG-3' 

TARDBP 
CDS 2 

(Exon 6) 

GCAATAG
ACAGTTA
GAAAGAA 

5’-
GATCCGCAATAGACAGT
TAGAAAGAACTCGAGTT
CTTTCTAACTGTCTATTG
CTTTTTG-3' 
  

5'-
AATTCAAAAAGCAATA
GACAGTTAGAAAGAA
CTCGAGTTCTTTCTAA
CTGTCTATTGCG-3' 
  

TARDBP 

3’ UTR 

TCTAAAC
TCATGGT
AAGTATA 

5’-
GATCCTCTAAACTCATG
GTAAGTATACTCGAGTA
TACTTACCATGAGTTTAG
ATTTTTG-3' 
  

5’-
AATTCAAAAATCTAAA
CTCATGGTAAGTATA
CTCGAGTATACTTAC
CATGAGTTTAGAG-3' 

Table 1. Primer sequences for knockdown shRNAs. 

 

Antibody Species Dilution Company (Catalogue #) 

Primary: 

TDP43 Rabbit 1:800 ProteinTech (10782-2-AP) 

Caspase 3 Rabbit 1:400 Cell Signalling Technologies (9664L) 

GFP Goat 1:800 Santa Cruz Biotech (sc-5385) 

MAP2 Chicken 1:16000 GeneTex (GTX82661) 

TUJ1 Mouse 1:1000 BioLegend (MMS-435P-100) 

DNMT3A Rabbit 1:1000 GeneTex (GTX129125) 

Secondary: 

Anti-Rb  Goat 1:2000 Abcam, UK (ab150083) 

Anti-Ms Donkey 1:2000 Abcam, UK (ab150105) 

Anti-Ck  Goat 1:2000 Abcam, UK (ab150176) 

Anti-Go Donkey 1:2000 Abcam, UK (ab150129) 

 Table 2. Antibodies used for immunostaining. 



62 

 

Figure 1. pAAV-cmv-gfp-h1-mir218 plasmid map. Backbone plasmid used to 
clone the miR-218 overexpression shRNA, visual created on ApE. Digested 
with enzymes ECOR1 and BAMH1 and cloned using T4 ligation by Dr Sophie 
Hawkins prior to use on this project. Oligonucleotides sequences  for hsa-miR-
218-5p were Forward: 5’-
GATCCACATGGTTAGATCAAGCACAATTCAAGAGATTGTGCTTGATCTAAC
CATGTTTTTTG-3’, Reverse: 5’-
AATTCAAAAAACATGGTTAGATCAAGCACAATCTCTTGAATTGTGCTTGATC
TAACCATGTG-3’. 
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