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Abstract

Schizophrenia is a severe psychiatric disorder that affects more than twenty-
one million people worldwide, contributing significantly to the global burden of
disease. A growing body of genetic, epigenetic and epidemiological evidence
suggests that schizophrenia has its origins during neurodevelopment and that
dysregulation of the immune system and infection may play a role in disease
etiology. Twin and family studies have highlighted a considerable heritable
component to schizophrenia; however the role of genetic variation in the
etiology of the disorder is complex. In the majority of cases, susceptibility is
attributed to the combined action of multiple common genetic risk variants of

low penetrance.

Improved understanding about the biology of the genome has led to increased
interest in the role of non-sequence-based variation in the etiology of
neurodevelopmental phenotypes, including schizophrenia. The notion that
epigenetic processes and gene expression dysregulation are involved in the
onset of schizophrenia is supported by recent studies of disease-discordant
monozygotic twins, clinical sample cohorts, and post-mortem brain tissue. To
date, however, studies characterizing schizophrenia-associated methylomic and
transcriptomic variation in the brain have been limited by small sample number

or the assessment of a single brain region.

The main aim of this thesis was to undertake a comprehensive study of
genomic variation across four brain regions in schizophrenia. The results
provide further support for a neurodevelopmental origin to schizophrenia, as
well as a role of the immune system on schizophrenia etiology. My analyses
also suggest that epigenetic variation associated with polygenic burden for

schizophrenia might play a role in the disease.

In summary, the work presented in this thesis represents the first analysis of
epigenetic and gene expression variation associated with schizophrenia across
multiple brain regions and highlights the utility of polygenic risk scores for
identifying molecular pathways associated with etiological variation in complex

disease.



Acknowledgements

A lot of people contributed to the success of this journey and | would like to
thank every single person. | would like to start by thanking my first supervisor,
Professor Jonathan Mill, for believing in my potential from the beginning, and for
his continued enthusiasm, guidance and expertise. | would also like to thank my
second supervisor, Dr Eduarda Santos, for being so supportive, present and
kind all the way through.

| would like to thank Dr Ruth Pidsley, who started the ‘schizophrenia brains’
project and, perhaps without knowing, taught me what it means to be a good
scientist. | am very thankful to everyone in the Complex Disease Epigenetics
Group both in Exeter and London (there are too many of you to name), you are
the best and most fun people | could ever wish to work with! In particular | would
like to thank Therese and Eilis for their friendship, knowledge, help and support.
Thank you to all the collaborators, students and staff in the University and in the

different research groups who helped me in any way during my PhD.

| would also like to thank all the friends who were so important during these
three years, all the friends who arrived and left Exeter in the meantime and
marked my experience. Thank you to the salsa family for making my life so
much more fun. Thank you to Lorena, for being the kindest friend. A big thank
you to my ‘vampires’ Miriam, Afsoon, Magdalena and Trupti, my heart is full of
love because of you. An immense thank you to George, for his love, incredible
patience and endless support (and a special thank you to the Alfords & Co for
their friendship and their delicious roast dinners). A huge thank you to Carolina,

for being my unquestionable soulmate — there are no words.

Finally, | would like to thank my sister, brother, uncles, aunts and cousins (to
summarise, all the Pachecos Vianas, extended version) for being the funniest
and most fun family. The biggest thank you of all goes to my parents. Thank
you for all the opportunities and for all the support. Most importantly, thank you

for being the most amazing parents in the world.

| would like to dedicate this work, along with my past and future achievements,
to my grandmother Isabelinha, who is the most intelligent, kind and wise woman

| have ever known.



Table of Contents

Y 013 1 = Lo PP 2
F o Lo L= (o T=T o =T o | £ 3
Table Of CONTENTS .....ooiiiiiiiiieee e 4
Table Of FIQUIES ... 10
Table Of TADIES. ... 19
Publications Arising from this ThESIS ...........uuuiiiiiiiiiiiiiiiiiiies 25
Do F= 1= i) P 27
List Of ADDIeVIAtIONS .....eeii e 29
Chapter 1 - General INtrodUCHION .........ccooeieeiieieeeeeeeee 32
1.1, SChIZOPNIENIA ..o 32
1.1.1. Clinical mManifeStation .............covvvuuiiiiiiiee e 32
1.1.2. Neuropathology of schizophrenia............cccoooooeie 33
1.1.3. Genetics of schizophrenia...........cooeeieiii 36
1.1.3.1. Heritability and evidence from twin studies..........cccccccvvvveveennnnen. 36
1.1.3.2. Rare and de NOVO MULALIONS.......ccoiieeiiiiiiiiiiiiie e 36
1.1.3.3. Schizophrenia as a polygenic disorder ..............cccevvvevvvicenneennn. 36
1.1.4. Schizophrenia polygenic riSK SCOM€.........ccovvvriiiiiiiiiieeeeeeeiiee e 37
1.1.5. Neurodevelopmental origins of schizophrenia .............ccccccceeeeei 38
1.1.6. Immunity and inflammation in schizophrenia ..............ccccccceeeenn. 38
1.2. Gene expression and regulation ............ccooooeviiiiiiiiiii e 39
1.2.1. Introduction t0 ePIgENELICS ......cevvviviiie e 41
1.2.2. EpigenetiCc MEeChaNISMS .........covviiiiiiiie e 43
1.2.2.1. DNA MOdifiCatiONS .......coveviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 43
1.2.2.2. Histone modifications............ccouvvviiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee 46
1.2.2.3. NoN-codiNg RNA ... ... 48
1.2.2.4. Interaction of different epigenetic mechanisms and gene
EXPresSioN reguUIAtION ..........uiiiiiiiii e e 48
1.2.2.5. Genetic mediation of the epigenome ..........ccccoooeiviiiiiiiiiinieeee, 50
1.3. Profiling the methylome............coiii e, 50
1.4. Epigenetic and gene expression studies in schizophrenia...................... 52
1.4.1. Epigenetics of schizophrenia ...........ccccooo 52

1.4.1.1. Epigenetic studies of schizophrenia using post-mortem brain
LTS U= TP 53



1.4.1.2. Epigenetic studies of schizophrenia using peripheral tissues.... 57
1.4.2. Transcriptomic variation in schizophrenia...........ccccooevvvviiiiicineeeen. 60

1.4.3. Antipsychotic medication and the implications of epigenetic studies 62

1.5. Klinefelter SYNArOmMe ........ouueiiiiie e 63
1.6. General aims Of MY theSIS......cooii i 64
Chapter 2 - Materials and Methods ..., 67
2.1. Human sample CONOIS ........coooiiiiiiiiiiieee 67
2.2. NUCleiC aCid eXIraCION ......coeeeeeiieeeiiiiee et eeeeeeeees 67
2.2.1. Genomic DNA isolation using phenol-chloroform...........cccccccvvvveeen. 68
2.2.2. Total RNA isolation from post-mortem human brain tissue.............. 70
2.2.3. Total RNA Clean-Up.......cooviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee e 71
2.2.4. Determining the quality and quantity of isolated nucleic acids......... 74
2.3. DNA methylation profiling..........ccouvuiiiiiiiiiiici e 78
2.3.1. Sodium bisulfite CONVEISION .........ccevvviiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeee 79
2.3.2. Infinium HumanMethylation450 BeadChip..........cccccvvviviiiiiiieennennnn, 80
2.3.2.1. Infinium HumanMethylation450 BeadChip data analysis........... 80
2.3.3. Bisulfite-PCR-pYroSEQUENCING .......cccceevieiiiiiiiiiieeeeeeeeeiiiiies e e e eeeeeeannns 82
2.3.3.1. Polymerase chain reaction .............cccccccceiiiieeeeeeeeiiiiiee e eeeeeeeanns 82
2.3.3.2. Agarose gel electrophoresis ........ccoovvvviiiiiiie e, 85
2.3.3.3. Bisulfite-pyroSeqUENCING........ccoeeeeeiiiiieiiiiee e 86
2.4. Genome-wide SNP profiling..........ccccoiiiiiiiiiiiic e 89
2.5. Transcriptome Profiling..........cooovviiiiiiiie e 89
2.5.1. Complementary DNA libraries preparation .........ccccccccevvevvivieiinenennn. 90
2.5.2. cDNA libraries quantification and pooling ..........ccccccvvvviiiiiiiiiininnnnn. 91
2.5.3. RNA SEQUENCING ...cotiiiiiiiiiiiiiiiiiiieeeeee ettt 92
Chapter 3 - Methylomic profiling of schizophrenia in the brain ........................ 95
G 200 I 1 1 o o ¥ o o o PR 95
I |V =1 T Yo £ PRPRR 97
3.2, 1. SAMPIES ...ttt 97
3.2.1.1. Medical Research Council London Neurodegenerative Diseases
2= 1T T = = 1 | 97
3.2.1.2. Douglas Bell-Canada Brain Bank ...............ccccuvuiiiimiiiiiiiiiiniinnn. 98

3.2.1.3. Medical Research Council Edinburgh Brain and Tissue Banks. 98
3.2.2. Samples and cohort quality control..................evvveiiiiiiiiiiiiiiiiiiiiis 104



3.2.3. Data pre-processing and normalisation ..............cccceeeeeeveiiiinieeeennnn. 112

3.2.4. DNA methylation age calculation ..............cccoooeiiiiiiiiiiiiiieeeens 117
3.2.5. Cell composition @SHMALES ..........uuuruiiiiiiiiiiiiiiiiiiiiiiieeeees 117
3.2.6. Identification of differentially methylated positions and regions ..... 119
3.2.7. Additional probe annotation and enrichment analysis for regulatory
regions and schizophrenia GWAS regions .............cceiiiieeeiiieeeiiicinneeeee 121
3.2.8. Establishing multiple testing significance threshold for EWAS analysis
................................................................................................................. 122
3.2.9. Cross-region multilevel model.................uuuiiiiiiiiiiiiiiiiie 122
3.2.10. Validation with bisulfite-PCR-pyrosequencing ...............cccccccuuveeee 123
3.3 RESUILS .. 125
3.3.1. Overview of experimental Strategy..............ueeueerrmmmmmeiiimiiiiiiiiiiinnnnns 125
3.3.2. No global DNA methylation changes or DNA methylation age
acceleration in SChIiZOPNIreNia.............uuuiuiiiiiiiiiiiiie 127
3.3.3. Differently methylated positions associated with schizophrenia..... 130
3.3.4. Controlling for unknown confounding variables ............................. 156

3.3.5. Enrichment of overlap between schizophrenia-associated differently
methylated positions and regulatory features and GWAS regions........... 161

3.3.6. Differentially methylated regions associated with schizophrenia ... 164

3.3.6.1. Differently methylated region in chromosome 17..................... 169
3.3.7. Consistent methylomic markers of schizophrenia across brain regions
................................................................................................................. 176

I I 1S Tod 1 11 o o SRR 186
3.4.1. OVervieW Of FESUILS ......cooiiiiiiiie e 186
G o 101 = U1 o] 0 PSR 187
3.4.3. Implications, strengths and future directions...........cccccceeeveeeeereennns 188
Chapter 4 - Methylomic profiling of schizophrenia polygenic risk burden in the
0] 7= 1o S 190
2 g O | o o [¥ o o) o SO 190
A Y11 1 T T £ SO SPPRP 192
4.2.1. Samples genotyping and quality Control ..............cccccuvvvmiieniinnnnnnnns 192
4.2.2. EthNICIty PrediCtion..............euieeeiiiiiiiiiiiiiiiiiiiiiiieeeeeees 194
4.2.3. Polygenic risk score calculation ...........ccooooviiiiiiiiiiiicicce e, 196
4.2.4. DNA methylation data............cccoiiiiiiiiiiiiicii e 196
4.2.5. ldentification of differentially methylated positions and regions ..... 198



4.2.6. Additional probe annotation and enrichment analysis for regulatory

(1Yo | o] o 1 199
4.2.7. Establishing multiple testing significance threshold for EWAS analysis
................................................................................................................. 199
4.2.8. Cross-tissue mixed Model..............uuuuiimmiiiiiiiiiiiiiii, 199
4.2.9. Methylation quantitative trait loCi................cccciumiiiiiiiiiiiiiie 200
4.3, RESUILS ..ottt 200
4.3.1. Overview of experimental strategy..........ccceeeveeeivviiiiieeeeeeeeeiiinn, 200
4.3.2. Differently methylated positions associated with schizophrenia
POIYGENIC FISK SCOTE ...t e e e 203
4.3.2.1. Enrichment of overlap between polygenic risk score-associated
differently methylated positions and regulatory features....................... 231
4.3.3. Differently methylated regions associated with schizophrenia
POIYGENIC FISK SCOTE ...ttt e e 233
4.3.4. Consistent methylomic markers of schizophrenia polygenic risk
burden across brain regions ..........cooevviiiiiiii e 237
4.3.5. Comparison between methylomic analysis of schizophrenia PRS and
diagnosed SChiZOPNrenia ..........oovvuiiiiiiii e 247
4.3.6. Polygenic risk score-associated methylomic variation does not reflect
direct genetic effects on DNA methylation ...............ccooooiiiiiiiieeeeieeenn, 250
I Lol U 3] o] o PP 256
4.4.1. OVErVIieW Of FESUILS .......uuuuuiiiiiiiiiiiiiiiiiiiiiiiiii e 256
0 I 0 ] = (0 258
4.4.3. Implications, strengths and future directions.................cceeevvvvvnnnnnn. 259
Chapter 5 - Systems-level analysis of DNA methylation in the schizophrenia
0] 7= o 260
5.1. Chapter aims and StrUCLUIE ............uuiiiiie e 260
A = 7= (o1 o | (o 18] [o [PPSR 260
5.2.1. NetWOork @analySiS.......ccccoeiiiiiiiiiii e 260
5.2.2. Weighted gene co-methylation network analysis...........cc.......c...... 264
5.2.3. Overview of experimental strategy.........ccooevveviiiiiiiiiiiicceiiee e, 267
5.3. Data pre-processing and normalisation.............cccceeeveveiiiiieeeeien e, 269
5.4. Network construction and module detection ..........ccccccvvvveiiiiiiiiiiiennnn. 270

5.5. Similarities between separate networks for schizophrenia cases and non-
PSYCHIALIC CONLIOIS......ciiiiii e 272



5.5.1. Approaches to match networks for schizophrenia cases and non-
PSYChIALIIC CONTIOIS ....coeeeeiiiie e 275

5.5.1.1. Count the overlap of probes between each pair of modules from
the controls and cases NetWOrKS ..., 275

5.5.1.2. Test for significant overlap of common probes between cases
and CoNtrols MOAUIES .........cooviiiiiiiii e 278

5.6. Networks including schizophrenia cases and non-psychiatric controls 279

5.6.1. Modules associated with several traitS................euvvveiiiiiiiiiinininnnn. 279
5.6.2. Prefrontal cortex modules associated with schizophrenia.............. 290
5.6.3. Gene ontology analysis on schizophrenia-associated modules..... 299
5.6.4. Exclusion of non-Caucasian samples .........cc.cceevevvviiiiiiiiieeeeeeeeennn, 311
5.7. Fetal brain correlation NEtWOrK ............cooeiiviiiiiiiiiiie e 318
5.8, DISCUSSION......uiiieeieiieitiiiie e e e e e e ettt e e e e e e e et ee e e e e e e e e eeaaenn s e eeeeeeeeennes 320
5.8.1. Overview Of the reSUILS ..........euiiiiiiiiiieeee e 320
5.8.2. Strengths, limitations and future directions ............ccccccceevveeeeeeeeenns 321
Chapter 6 - Transcriptomic profiling of schizophrenia prefrontal cortex.......... 323
00 I 1 1 o T 3o o o PP 323
I |V =1 T To £ PSRRI 324
6.2.1. Total RNA isolation from prefrontal cortex samples........c.ccccceeeee.e. 324

6.2.2. Complementary DNA libraries preparation and RNA sequencing.. 329

6.2.3. Data Pre-PproCeSSING......cuuiiiiiiiiiiiiiiiiiieieeeeee ettt 332
6.2.4. Inspection of raw data with FastQC ..............cccoeeiiiiiiiiiiiicee e, 338
6.2.4.1. Phred quality SCOIeS .........couvviiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeee 338
6.2.4.2. Per base sequence and GC content...........ccooeeeevvvviiiiiiieneeeennn, 340
6.2.4.3. Sequence duplication leVels ............coovvviiiiiiiieeeieeeee e 343
6.2.5. Trimming of raw reads using TrimmOMAtiC..........cccccvvvevvrrereereennnn. 344
6.2.6. Aligning reads to the human reference transcriptome and quantifying
OENE EXPIESSION ...eeiiiiiiiiei e e e e e e et et ee e e e e e e e e e e et e e e e e e e e e ee st e e aaeeeeeeennes 349
6.2.7. Differential expression analysSiS...........cccoeeveeiiiiiiiieieiiin e, 351
6.2.8. Gene and sample exclusion...........cccooviiiiii i, 351
6.2.8.1. Data NnormaliSation...........ccouuuiiiiiiiii e 356
6.2.8.2. Differential expression analysis ..........ccooeevvviiiiiiiiiiiieeeiiie e, 358
B.3. RESUILS ... 359
6.3.1. Overview of the experimental strategy.........cccceeeeeveeriiiieeiiinieeeennnn, 359



6.3.2. Differentially expressed genes between schizophrenia patients and

NON-PSYChIALIIC CONLIOIS ....uvviiii e e 361
6.3.3. Comparison with DNA methylation resultS.............ccccvvvvvviiinnneenn. 369
6.3.3.1. DNA methylation probes overlapping DE genes...................... 369
6.3.3.2. Expressed genes overlapping differently methylated probes and
(110 | 0] 0 PO 377
6.4, DISCUSSION.....cciiiiiiiiiieeiee e 383
6.4.1. Overview of the reSultS ..........ccccccvviiiiiii 383
6.4.2. Limitations, strengths and future directions............cccccoocevviiieeennnnn. 384
Chapter 7 - Epigenomic and transcriptomic signatures of a Klinefelter syndrome
(47,XXY) karyotype in the brain............coooviiii e 386
Chapter 8 - General DISCUSSION .......coooeeiiiieeeeeeeeeeeee e 400
8.1. Key findings from my research..........cccccccociiiiiiiiiiiieeeeeeeeee 400
8.1.1. Methylomic profiling of schizophrenia in the brain.......................... 400
8.1.2. Methylomic profiling of schizophrenia polygenic risk burden in the
0] = 11 o U 401
8.1.3. Systems-level analysis of DNA methylation in the schizophrenia brain
................................................................................................................. 401
8.1.4. Transcriptomic profiling of schizophrenia prefrontal cortex............ 402
8.1.5. Epigenomic and transcriptomic signatures of a Klinefelter syndrome
(47,XXY) karyotype inthe brain............cccooooiiiiiici 402
8.2, LIMItAtIONS ..o 404
8.3. Integration of schizophrenia findings — strengths, implications and future
IFECHIONS. ... 405
8.4, CONCIUSION ... 409
Appendix A — Supplementary Tables ... 416
Appendix B — Supplementary material of Chapter 7.........ccccocvvvviiiiiiiiiiiinnnnn. 491
Appendix C — Additional publiCations ..............ccevviiiiiiiiiiiiiiiiiiiieieeeeeeeeeee 508
BiDIOGraPNY .....eeiiiiiiiiiii 555



Table of Figures

Figure 1.1. A simplified overview of the flow of information from DNA to protein

= WU | =T Y0 (= P 40
Figure 1.2. Waddington’s epigenetic landscape.........ccccccccceiiiiiiciiiiiiiiccin e, 41
Figure 1.3. DNA methylation involves the transfer of a methyl group to the 5"
position of the cytosine PYrmMIdiNg MNQ...........uuuuuummimimiiiiiiieeeees 43
Figure 1.4. Potential mechanisms of active demethylation of DNA regulated by
ten-eleven-translocation (TET) family protein..........cccceeveveviiiiiiiiee e, 45
Figure 1.5. Scheme of chromatin StruCture ..............ccccuveeiimiiiiieiiiiiiiiiiienens 47
Figure 1.6. Epigenomic information across tissues and marks profiled in the NIH
Roadmap Epigenomics CONSOMIUM .........covviiiiiiiiieieeeeeeeeiices e e e e 49
Figure 1.7. Influence of neuropsychiatric drugs on the epigenome................... 63
Figure 1.8. Integration of Chapters 3 to 6 of this thesiS .............ccccccviiiiiiiiinnnnes 66
Figure 2.1. Overview of the genomic DNA extraction experimental procedure o
Figure 2.2. Overview of the total RNA extraction experimental procedure........ 72
Figure 2.3. Overview of the RNA clean-up experimental procedure................. 73
Figure 2.4. A typical nucleic acid sample will have a very characteristic profile »

Figure 2.5. Electropherogram detailing the regions that are indicative of RNA
QUAITEY e 75

Figure 2.6. A total RNA sample was degraded for varying times and the
resulting samples were analyzed on the Agilent 2100 Bioanalyzer System using

the Eukaryote Total RNA NaNO aSSaY.........ccoovvuviuiiiiiiieeeeeeeiiiie e 75
Figure 2.7. Electropherograms from samples ranging from intact (RNA Integrity
Number (RIN) = 10), to degraded (RIN = 2) ........uuuuiimimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiineees 76
Figure 2.8. Bioanalyzer electropherograms and gel eleptrophoresis images from
a good quality (A) and a degraded sample (B) .........cuvceeeiiiieiiiiiiiiicieieeeeeeeee, 76
Figure 2.9. Bioanalyzer electropherograms and gel eleptrophoresis images from
a sample which was successfully rescued in the clean-up process ................. 77
Figure 2.10. DNA sodium bisulfite treatment.............c.ccooviiiiiiiiiiiecceee e, 78
Figure 2.11. Overview of the sodium bisulfite treatment experimental procedure

......................................................................................................................... 79
Figure 2.12. Example of an agarose gel used to inspect polymerase chain
reaction (PCR) amplification ProductsS ...............ueuueeimmmiiiiiiiiiiiiiiiiiiiiineees 86
Figure 2.13. The principles of pyroSEqUENCING.............uuuurruumrmimiriiiiiiiiiiininninaens 88

10



Figure 2.14. Overview of the complementary DNA libraries preparation protocol
......................................................................................................................... 91

Figure 2.15. Example of a D1000 ScreenTape gel electrophoresis (A) and
electropherogram (B) of a complementary DNA (cDNA) library ..............ccc...... 93

Figure 2.16. The data generation and analysis steps of a typical RNA
SEQUENCING EXPEIMENT ....uuuiii e e eeeeeeeitee e e e e et e e e e e e e e e et e e e e e e e eeeeenaas 94

Figure 3.1. Figure showing the anatomical location of the prefrontal cortex in the
Q10T aF= T o] =] o N 100

Figure 3.2. Figure showing the anatomical location of the basal ganglia
(including the putamen) in the human brain .............ccccccoie 101

Figure 3.3. Figure showing the anatomical location of the hippocampus in the
RUMAN DFAiN ..o 102

Figure 3.4. Figure showing the anatomical location of the cerebellum in the
Q10T aF= T o] =] o N 103

Figure 3.5. Hierarchical clustering of the thousand most variably-methylated
probes across all SAMPIES ..........uuuuiiiiiiii 104

Figure 3.6. Multidimensional scaling of the thousand most variable probes
ACroSS all SAMPIES.......cooiiiee e 108

Figure 3.7. Example of multidimensional scaling plots for the thousand most
variable probes across all the striatum MRC London Neurodegenerative
Diseases Brain Bank SAmMPIES...........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiii 109

Figure 3.8. Example of multidimensional scaling plots of the X-chromosome (A)
and Y-chromosome (B) probes across all the prefrontal cortex Douglas-Bell

Canada Brain Bank Samples ... 110
Figure 3.9. Example of bisulfite conversion plot............cccccvviiiiiiiiiiiiiiiiiiiiiis 111
Figure 3.10. Example of a correlation plot for SNP probes for matched samples
from tWO Drain rEQIONS ......uei e e e e 112
Figure 3.11. Boxplots showing the B values distribution for each striatum
samples from the Douglas-Bell Canada Brain Bank..............cccccccceeeiiieiinnnnn, 115
Figure 3.12. Density plots showing the B values distribution for the striatum
samples from the Douglas-Bell Canada Brain Bank.............cccccccceeiiiiiiennnnnnn, 116
Figure 3.13. Neuronal proportion estimates calculated using the CETS package
1 118
Figure 3.14. Correlation between chronological age and neuronal proportion
ESHIMALES ...t e e e e e e e eaene 119
Figure 3.15. Example of a pyrogram of a successful pyrosequencing run
assessing the DMR on the RPH3AL g€NE .....ooooiiiiiiiie, 124
Figure 3.16. Example of a pyrogram of a failed pyrosequencing run assessing
the DMR on the RPH3AL gENE ......uuiiiiiii e 124
Figure 3.17. Overview of Chapter 3 experimental strategy ............ccccccuvvvennnne 126

11



Figure 3.18. Correlation between chronological age and DNA methylation age
....................................................................................................................... 128

Figure 3.19. Correlation between chronological age and DNA methylation age
separated by schizophrenia cases (red) and controls (black) .............cccece..... 129

Figure 3.20. Quantile-quantile plot for the prefrontal cortex (PFC) case-control
SChIZOPhreNia EWAS ... e e e e e aeaees 132

Figure 3.21. Quantile-quantile plot for the striatum (STR) case-control
SChIZOphrenNia EWAS ... e e e e eaaees 133

Figure 3.22. Quantile-quantile plot for the hippocampus (HC) case-control
schizophrenia EWAS. ... 133

Figure 3.23. Quantile-quantile plot for the cerebellum (CER) case-control
SChIZOphreNia EWAS ... e e e eeanes 134

Figure 3.24. Manhattan plot for the prefrontal cortex (PFC) case-control
SChIZOphreNI@a EWAS ... e e e e eaanes 134

Figure 3.25. Manhattan plot for the striatum (STR) case-control schizophrenia
Y 135

Figure 3.26. Manhattan plot for the hippocampus (HC) case-control
SChIZOphreNI@a EWAS ... e e eeanas 135

Figure 3.27. Manhattan plot for the cerebellum (CER) case-control
SChIZOphreNI@a EWAS ... e e e e eaanas 136

Figure 3.28. Heatmap showing the fifty top ranked schizophrenia-associated
differently methylated positions in the prefrontal cortex (PFC) ....................... 145

Figure 3.29. Heatmap showing the fifty top ranked schizophrenia-associated
differently methylated positions in the striatum (STR) ........ccoovviiiiiiiiieereeeenns 146

Figure 3.30. Heatmap showing the fifty top ranked schizophrenia-associated
differently methylated positions in the hippocampus (HC)...........cccooeeeeereennnn. 147

Figure 3.31. Heatmap showing the fifty top ranked schizophrenia-associated
differently methylated positions in the cerebellum (CER) ........cccccccovviiiiinnnnnns 148

Figure 3.32. Top ranked schizophrenia-associated differentially methylated
POSITIONS (DIMPS) ...ttt e e e e e e e e e 150

Figure 3.33. Correlation between DNA methylation differences for the fifty top
ranked schizophrenia-associated probes identified in identified in the prefrontal
cortex and the DNA methylation differences in the same probes in the
remaining brain regions (Y-aXiS) ......ccuuuuiieiiiiiiiee e 151

Figure 3.34. Correlation between DNA methylation differences for the fifty top
ranked schizophrenia-associated probes identified in identified in the striatum
and the DNA methylation differences in the same probes in the remaining brain
FEOIONS (Y-BXIS) ..ttt 152

12



Figure 3.35. Correlation between DNA methylation differences for the fifty top
ranked schizophrenia-associated probes identified in identified in the
hippocampus and the DNA methylation differences in the same probes in the
remaining brain regions (Y-aXiS) ....cuuieeeeerieeriiiiiieeeee e et e e e e e e 153

Figure 3.36. Correlation between DNA methylation differences for the fifty top
ranked schizophrenia-associated probes identified in identified in the
cerebellum and the DNA methylation differences in the same probes in the
remaining brain regions (Y-8XIS) ... uuuueeeeieeeiiiiiiiaeeeeeeeeeeiriiae e e e e e eeearinn e 154

Figure 3.37. Schizophrenia-associated DNA methylation differences are robust
to the addition of principal components (PC) capturing variation in DNA
methylation data in the prefrontal cortex (PFC) .........cccccoiiiiiiiiiiiiiiiiiiiiiiies 157

Figure 3.38. Schizophrenia-associated DNA methylation differences are robust
to the addition of principal components (PC) capturing variation in DNA
methylation data in the striatum (STR) ......covviiiiiiiii e, 158

Figure 3.39. Schizophrenia-associated DNA methylation differences are robust
to the addition of principal components (PC) capturing variation in DNA
methylation data in the hippocampus (HC)...........ccoorriiiiiiiiiiieeceeeee e, 159

Figure 3.40. Schizophrenia-associated DNA methylation differences are robust
to the addition of principal components (PC) capturing variation in DNA
methylation data in cerebellum (CER) ...........coiiiiiiiiiiiiiiie e 160

Figure 3.41. Differentially methylated regions (DMRs) associated with
10l AT 40] o] 1] £=1 o1 = USSP 165

Figure 3.42. Validation of a schizophrenia-associated hypomethylated region
within the RPH3AL gene in the prefrontal cortex (PFC) .......ccooevvieeiiiiiiiinnnnnnn. 171

Figure 3.43. Validation of a schizophrenia-associated hypomethylated region
within the RPH3AL gene in the striatum (STR) ....oovvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeee 172

Figure 3.44. Manhattan plot showing the probes within 50 kilobases of the
chrl7:154410-154672 region in the prefrontal cortex...........cccccvvveeiiiieenennnnn, 173

Figure 3.45. Manhattan plot showing the probes within 50 kilobases of the
chrl7:154410-154672 region in the striatum .............ooooeii, 173

Figure 3.46. Manhattan plot showing the probes within 50 kilobases of the
chrl7:154410-154672 region in the cerebellum .................iiiiii e, 174

Figure 3.47. Probe ¢gl15212418 shows dramatic DNA methylation (y-axis)
changes associated with developmental age (x-axis) in fetal brain samples
....................................................................................................................... 174

Figure 3.48. Quantile-quantile plot for case-control schizophrenia EWAS ..... 178
Figure 3.49. Manhattan plot for case-control schizophrenia EWAS ............... 178

Figure 3.50. Heatmap showing the fifty top ranked schizophrenia-associated
differently methylated positions identified using a multi-region model
incorporating prefrontal cortex (PFC), striatum (STR) and hippocampus (HC)
....................................................................................................................... 181

13



Figure 3.51. Heatmap showing differently methylated regions (DMRS)
associated with schizophrenia identified using a multi-region model
incorporating prefrontal cortex (PFC), striatum (STR) and hippocampus (HC)
....................................................................................................................... 185

Figure 4.1. Principal components (PC) 1 and 2 of genetic data for both the MRC
London Neurodegenerative Diseases Brain Bank (LNDBB) and the Douglas-
Bell Canada Brain Bank (DBCBB) CONOIS..........ccoiiiieiiiiiiiiiiie e, 194

Figure 4.2. Principal component 2 of genetic data for both the MRC London
Neurodegenerative Diseases Brain Bank (circle) and the Douglas-Bell Canada
Brain Bank (triangle) vs respective polygenic risk scores (PRS)..........cc........ 195

Figure 4.3. Overview of Chapter 4 experimental strategy .............ccccccvvvvnnnnns 202

Figure 4.4. Polygenic risk score in both schizophrenia cases and non-
psychiatric controls included in the analyses of this chapter ......................... .203

Figure 4.5. Quantile-quantile plot for the prefrontal cortex (PFC) schizophrenia
POlygenicC risk SCOre EWAS ... ..o 207

Figure 4.6. Quantile-quantile plot for the striatum (STR) schizophrenia polygenic
FISK SCOIE EWAS ..ot e e e e e e 207

Figure 4.7. Quantile-quantile plot for the hippocampus (HC) schizophrenia
polygenic risk SCOre EWAS .......ooeiie e 208

Figure 4.8. Quantile-quantile plot for the cerebellum (CER) schizophrenia
POlygenicC risk SCOre EWAS ... ... 208

Figure 4.9. Manhattan plot for the prefrontal cortex schizophrenia polygenic risk
SCOIE EWAS .. ettt e e e e e e e e eees 209

Figure 4.10. Manhattan plot for the striatum schizophrenia polygenic risk score
E N A S e e e e e e e e e e 209

Figure 4.11. Manhattan plot for the hippocampus schizophrenia polygenic risk
SCONE EWWAS ..ot e et e e et e e e aaees 210

Figure 4.12. Manhattan plot for the cerebellum schizophrenia polygenic risk
SCONE EWWAS ..ottt e e e e et e e e e e e 210

Figure 4.13. Top ranked schizophrenia polygenic risk score (PRS)-associated
differentially methylated position (DMP) in the prefrontal cortex..................... 212

Figure 4.14. Top ranked schizophrenia polygenic risk score (PRS)-associated
differentially methylated positions (DMPSs) in the striatum ................cceevveeeees 212

Figure 4.15. Top ranked schizophrenia polygenic risk score (PRS)-associated
differentially methylated positions (DMPSs) in the cerebellum213

Figure 4.16. Heatmap showing the fifty top ranked differently methylated
positions associated with schizophrenia polygenic risk score (PRS) in the
Prefrontal CoOreX (PFC) ... ... e 222

Figure 4.17. Heatmap showing the fifty top ranked differently methylated
positions associated with schizophrenia polygenic risk score (PRS) in the
SHHATUM (STR) i e e e e e e e aaens 223



Figure 4.18. Heatmap showing the fifty top ranked differently methylated
positions associated with schizophrenia polygenic risk score (PRS) in the
SEHATUM (STR) ceeiiiie et e e e e e e e e e e e e e eeeeeeees 224

Figure 4.19. Heatmap showing the fifty top ranked differently methylated
positions associated with schizophrenia polygenic risk score (PRS) in the
RIPPOCAMPUS (HC) ... 225

Figure 4.20. Correlation between DNA methylation differences for the fifty top
ranked polygenic risk score (PRS)-associated probes identified in the prefrontal
cortex and the DNA methylation differences in the same probes in the
remaining brain regions (Y-aXiS) ....cuuieeeeerieeriiiiiieeeee e et e e e e e e 226

Figure 4.21. Correlation between DNA methylation differences for the fifty top
ranked polygenic risk score (PRS)-associated probes identified in the striatum
and the DNA methylation differences in the same probes in the remaining brain
(=To (o] g ER (VaT= D) S 227

Figure 4.22. Correlation between DNA methylation differences for the fifty top
ranked polygenic risk score (PRS)-associated probes identified in the
hippocampus and the DNA methylation differences in the same probes in the
remaining brain regions (Y-aXIS) ..........uuuuuuuuuummmmmiiiiiiiiiiiiiiiiiiiiiniineeeeeaees 228

Figure 4.23. Correlation between DNA methylation differences for the fifty top
ranked polygenic risk score (PRS) associated probes identified in the
cerebellum and the DNA methylation differences in the same probes in the
remaining brain regions (Y-aXiS) ... cciieeeeeiieiriiiiiiie e e e e e et e e e e e 229

Figure 4.24. Differentially methylated regions (DMRs) associated with
schizophrenia polygenic rSK SCOIe.........coiiiiiiiiiiiiicce e 236

Figure 4.25. Quantile-quantile plot for the schizophrenia polygenic risk score
TN 239

Figure 4.26. Manhattan plot for the schizophrenia polygenic risk score EWAS
....................................................................................................................... 239

Figure 4.27. Examples of top ranked schizophrenia polygenic risk score-
associated differentially methylated positions in the multilevel model including
data from the prefrontal cortex (blue), striatum (green) and hippocampus (red)240

Figure 4.28. Heatmap showing the fifty top ranked differently methylated
positions associated with schizophrenia polygenic risk score identified using a
multi-region model incorporating prefrontal cortex (PFC), striatum (STR) and
hIpPPOCAMPUS (HC) oo e 243

Figure 4.29. Heatmap showing differently methylated regions (DMRS)
associated with schizophrenia polygenic risk score (PRS) identified using a
multi-region model incorporating prefrontal cortex (PFC), striatum (STR) and
RIPPOCAMPUS (HC) oo e 246

Figure 4.30. Correlation between schizophrenia case-control EWAS and
schizophrenia polygenic risk score EWAS for the prefrontal cortex ............... 248

Figure 4.31. Correlation between schizophrenia case-control EWAS and
schizophrenia polygenic risk score EWAS for the striatum...............cccceeeeeees 248

15



Figure 4.32. Correlation between schizophrenia case-control EWAS and
schizophrenia polygenic risk score EWAS for the hippocampus.................... 249

Figure 4.33. Correlation between schizophrenia case-control EWAS and
schizophrenia polygenic risk score EWAS for the cerebellum........................ 249

Figure 4.34. The relationship between lowest mQTL P-value and polygenic risk
score (PRS) EWAS P-value for all DNA methylation probes associated (P <
1.00E-10) with genotype at a SNP incorporated in the schizophrenia PRS in

prefrontal cortex (A), striatum (B) and cerebellum (C).......cccooeevrviviiiiiiinnneenn. 255
Figure 5.1. Roadmap (A) and traffic patterns (B) of Boston, USA .................. 262
Figure 5.2. Example of a correlation Network ..................eeveveiiiiiiiiimiiiiiiiiiinnns 263
Figure 5.3. Overview of Weighted Gene Co-expression Network Analysis
(WGCNA) MethOdOlOgy .......coovviiiiiiiieeeeeeeeeiie e 265
Figure 5.4. Overview of Chapter 5 experimental strategy .............cccccuvvvennnnns 268

Figure 5.5. Example of the analysis of network topology for various soft-
thresholdiNg POWET .........vuiiii e e e 271

Figure 5.6. Barplot showing the overlap between probes belonging to each
module of the controls network and each module of the schizophrenia cases
network in the prefrontal CoOMeX ... 276

Figure 5.7. Barplot showing the overlap between ‘hub probes’ belonging to each
module of the controls network and each module of the schizophrenia cases
network in the prefrontal CoreX ... 277

Figure 5.8. Heatmap showing the correlation coefficient between each
prefrontal cortex module eigengene and different phenotypical traits ............ 287

Figure 5.9. Heatmap showing the correlation coefficient between each striatum
module eigengene and different phenotypical traits ..............ccccccvviiiiiiiinnnnnns 288

Figure 5.10. Heatmap showing the correlation coefficient between each
cerebellum module eigengene and different phenotypical traits..................... 289

Figure 5.11. ‘Brown’ module of the prefrontal cortex (PFC) network
(schizophrenia cases and non-psychiatric controls) ............cccccevvviiiiiiieeeeennn. 291

Figure 5.12. ‘Black’ module of the prefrontal cortex (PFC) network
(schizophrenia cases and non-psychiatric ControlS) .............cccccccvviiiiiiiinnnnns 292

Figure 5.13. Heatmap showing the correlation coefficient between each
prefrontal cortex module eigengene and polygenic risk score and predicted
(=21 ] 0 o Y2 315

Figure 5.14. Heatmap showing the correlation coefficient between each striatum
module eigengene and polygenic risk score and predicted ethnicity.............. 316

Figure 5.15. Heatmap showing the correlation coefficient between each
cerebellum module eigengene and polygenic risk score and predicted ethnicity
....................................................................................................................... 317

16



Figure 6.1. Correlation between log2 of the observed and expected expression
levels of the ERCC spike-in control transCriptS.........ocevvvvviiiiiieeeeeeeeiiicee e 335

Figure 6.2. Example of plots produced by the FastQ Screen tool for the sample
MSO02 from the DBCBB .......ccooiiiiiiiiiiie et 336

Figure 6.3. Example of plots produced by the FastQ Screen tool for the sample
MS34 from the DBCBB ......cccooiiiiiieiieeeee e 337

Figure 6.4. Example of a ‘per base sequence quality’ plot given by the FastQC
SOTIWATE ... 339

Figure 6.5. Example of a ‘per sequence quality’ plot given by the FastQC
10011V U= PSSP 340

Figure 6.6. Example of a ‘per base sequence content’ plot given by the FastQC
SOTIWATE ... 341

Figure 6.7. Example of a ‘per base CG content’ plot given by the FastQC
SOTIWATE ... 342

Figure 6.8. Example of a ‘per sequence GC content’ plot given by the FastQC
1011 Y7 (= PPN 343

Figure 6.9. Example of a ‘sequence duplication levels’ plot given by the FastQC
SOTIWATE ... 344

Figure 6.10. Example of a ‘per base sequence quality’ plot given by the FastQC
software before (A) and after (B) using TrimmomatiC...........cccccvvvvvirieeeneennnn. 346

Figure 6.11. Example of a ‘per base sequence content’ plot given by the
FastQC software before (A) and after (B) using Trimmomatic........................ 347

Figure 6.12. Example of a ‘per base CG content’ plot given by the FastQC
software before (A) and after (B) using TrimmomatiC............cccccvvvvvvveveeeennnnn. 348

Figure 6.13. Principal component 1 (x-axis) versus principal component 2 (y-
axis) of the raw gene COUNES...........ccoiiiiiiiiiiii e 352

Figure 6.14. Example of multidimensional scaling plots for all samples included
in the analyses of this Chapter............ccooiiiiiii s 353

Figure 6.15. Example of multidimensional scaling plots for all samples included
in the analyses of this Chapter............ccoo i, 353

Figure 6.16. Log, distribution of the raw gene counts (counts per million)
estimated by RSEM ... 357

Figure 6.17. Log2 distribution of the raw gene counts (counts per million)
estimated by RSEM (Li and Dewey, 2011) after excluding ERCC transcripts,
genes on the sex chromosomes, incorrect assembly sequences, allelic variants
and [OW eXPreSSed gENES......ccoo e i 357

Figure 6.18. Log, distribution of the gene counts (counts per million) estimated
by RSEM (Li and Dewey, 2011) after normalisation with edgeR (Robinson et al.,
2000 oo 358

Figure 6.19. Overview of Chapter 6 experimental strategy ............ccccccvvvvnnnns 360

17



Figure 6.20. Quantile-quantile plot for the differential expression analysis..... 361
Figure 6.21. Volcano plot for the differential expression analysis................... 363

Figure 6.22. Log, fold-change (FC) (y-axis) of the fifty top ranked differently
expressed genes in the prefrontal COreX ..........vvviuiiiiiiiieeiiieeceie e, 366

Figure 6.23. Counts per million (CPM) (y-axis) of the top ranked differently
expressed genes in the prefrontal cortex with less than 25 CPM.................... 367

Figure 6.24. Counts per million (CPM) (y-axis) of the top ranked differently
expressed genes in the prefrontal cortex with more than 25 CPM ................. 368

Figure 6.25. Methodological approach to investigate DNA methylation probes
overlapping differentially expressed genes in schizophrenia.......................... 371

Figure. 6.26. Methodological approach to investigate expressed genes
overlapping schizophrenia-associated differentially methylated regions (DMRS)
(A) and top ranked differentially methylated positions (DMPSs) in the PFC (B)

Chapter 7 - Figure 1. Reduced cerebellar mass in a 47,XXY patient comorbid
for schizophrenia. Shown is the average cerebellar mass (in grams) across all
samples compared with the cerebellar mass of the 47, XXY patient............... 388

Chapter 7 - Figure 2. Tissue-specific differences in global DNA methylation in a
47,XXY patient comorbid for schizophrenia ..........ccccccvviiiiiiiiiiiiiiieee, 389

Appendix B - Figure S1. Multi-dimensional scaling plot of DNA methylation
probes on the X-chromosome (A) and Y-chromosome (B) ..........cccccccvvunnnnee 494

Appendix B - Figure S2. Plot of XIST gene expression (A) and mean Y-
chromosome gene expression (B) .......ouueiiiiiiiiiiiiiiiii e 495

Appendix B - Figure S3. Visualization of X-chromosome and Y-chromosome
probe intensities for 47 prefrontal cortex samples run on the Illumina
HumanOmniExpress BeadChip.........ccoovieeiiiiiiiiiiiie e 496

Appendix B - Figure S4. Comparison of SNP probe intensities and allele
frequencies between 47,XXY and a schizophrenia 46,XY patient.................. 497

Appendix B - Figure S5. PCR-based sex-typing confirms the presence of the Y-
chromosome in the 47, XXY Pati@Nt...........coiiiieeriiiiiiiiie e ee e eeeeeeeens 498

Appendix B - Figure S6. Comparison of cerebellum mass (g) between the
47 ,XXY patient, females and males .........cccoooeeiiiiiiiiiiiicee e 499

Appendix B - Figure S7. Comparison of global DNA methylation levels between
the 47,XXY patient, females and males ............cocooiiiiiiiiiiii i 500

Appendix B - Figure S8. Visualization of gene expression differences at the
Eukaryotic Translation Initiation Factor 1AX (EIF1AX) gene.........cccoeeeveeeennnn. 501

18



Table of Tables

Table 1.1. Changes in schizophrenia diagnostic criteria from DSM-1V to DSM-5

......................................................................................................................... 35
Table 1.2. Glossary of key epigenetiC terms..........cccevveeeeiiiieeiiiiii e, 42
Table 1.3. Summary of published DNA methylation studies on schizophrenia
using post-mortem brain SAMPIES ...........uuuiiiiiiiiiiiiiii e 55
Table 1.4. Summary of published DNA methylation studies on schizophrenia
USING PEriPNEral tISSUES.......cooviiiiiiiie et 58
Table 1.5. Summary of the most recently published transcriptomic studies on
ES108 T4 0] o] 1] £=] ¢ 1= PSS 61
Table 2.1. Nucleic acid extraction methods used in this thesis..........cccccccceee.... 67
Table 2.2. Polymerase chain reaction (PCR) reagents and quantities used in
TNIS TNESIS et e e 84
Table 2.3. Standard polymerase chain reaction thermocycling conditions........ 84

Table 3.1. Tissue prediction for the cerebellum samples in this study using the
DNA methylation age CalCulator .................uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiee 107

Table 3.2. Total number of probe included in the analyses after data
normalisation and quality CONtrol............c.oovviiiiiiii e 103

Table 3.3. Overview of samples included in the schizophrenia case versus
CONEFOL ANAIYSIS. . .uuiiiii e e e e e e e e e e e e e e e eeeeees 114

Table 3.4. Primers and assay conditions for the bisulfite-polymerase chain
reaction pyrosequencing assay targeting the chrl7:154410-154672
schizophrenia-associated differentially methylated region in the RPH3AL genel23

Table 3.5. Top ranked schizophrenia-associated differently methylated probes
(DMPs) identified in the prefrontal cortex (PFC) meta-analysis...................... 137

Table 3.6. Top ranked schizophrenia-associated differently methylated probes
(DMPs) identified in the striatum (STR) meta-analysis...........ccccccvviiiiiiinnnnnns 139

Table 3.7. Top ranked schizophrenia-associated differently methylated probes
(DMPs) identified in the hippocampus (HC) linear regression analysis.......... 141

Table 3.8. Top ranked schizophrenia-associated differently methylated probes
(DMPs) identified in the cerebellum (CER) meta-analysis.............ccccccuvunnnnee 143

Table 3.9. Top ranked schizophrenia-associated differentially methylated
POSITIONS (DIMPIS) ... 149

Table 3.11. Results of the Fisher's 2x2 exact tests for significant overlap
between schizophrenia-associated differently methylated positions (DMPSs) in
the prefrontal cortex and regulatory features..........cccccvvvvvvviiiiiiiiiiiiiiiieeeieeee, 162

Table 3.12. Results of the Fisher's 2x2 exact tests for significant overlap
between schizophrenia-associated differently methylated positions (DMPS) in
the striatum and regulatory features............coouiiii i 162



Table 3.13. Results of the Fisher's 2x2 exact tests for significant overlap
between schizophrenia-associated differently methylated positions (DMPS) in
the hippocampus and regulatory features ...........ccoovveeeeiieiiiiiiiiine e, 162

Table 3.14. Results of the Fisher's 2x2 exact tests for significant overlap
between schizophrenia-associated differently methylated positions (DMPS) in
the cerebellum and regulatory features .............coevvvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeee 163

Table 3.15. Results of the Fisher's 2x2 exact tests for significant overlap
between schizophrenia-associated differently methylated positions (DMPSs) in all
the brain regions and GWAS reQIONS .........uviiiiiiiiiiiiiiiiiieeeiieeeeeeee e 164

Table 3.16. Significant schizophrenia-associated differentially methylated
FEQIONS (DMRS) ...t e e e e e e e e e e e e 167

Table 3.17. Bisulfite-polymerase chain reaction-pyrosequencing validation
across the DMR in the RPH3AL gene in both prefrontal cortex and striatum. 175

Table 3.18. Top ranked schizophrenia-associated differently methylated probes
(DMPs) identified in the multiregion model incorporating the prefrontal cortex
(PFC), striatum (STR) and hippocampus (HC) data...............ccceevvevviniiennnennn. 179

Table 3.19. Results for top ranked schizophrenia-associated probes identified in
a previous study of cortical tISSUE.............uiiiiieiiiiiiicee e 182

Table 3.20. Significant schizophrenia-associated differently methylated regions
(DMRs) identified in the multilevel model incorporating the prefrontal cortex,
striatum and hippocampus data .............cceevieeeiiiiiiiiiie e 183

Table 4.1. Table showing the brain region of origin of the DNA samples
genotyped in the present Chapter ... 192

Table 4.2. Overview of samples included in the schizophrenia polygenic risk
SCOME ANAIYSIS....ciiiiiiiiiiiiii e 197

Table 4.3. Top ranked schizophrenia polygenic risk score (PRS)-associated
differentially methylated positions (DMPS) .......ccooovviiiiiiiii e, 211

Table 4.4. Top ranked polygenic risk score-associated DMPs identified in the
prefrontal cortex (PFC) meta-analysiS.............uuimiiiiiiiiiiiiiiiiiiiiiees 214

Table 4.5. Top ranked polygenic risk score-associated differently methylated
probes (DMPs) identified in the striatum (STR) meta-analysis....................... 216

Table 4.6. Top ranked polygenic risk score-associated differently methylated
probes (DMPs) identified in the hippocampus (HC) linear regression............ 218

Table 4.7. Top ranked polygenic risk score-associated differently methylated
probes (DMPs) identified in the cerebellum (CER) meta-analysis.................. 220

Table 4.8. Correlation between DNA methylation differences for the fifty top
ranked polygenic risk score schizophrenia-associated probes identified in each
brain region and the DNA methylation differences in the same probes in the
remaining Brain regIONS ..........u i 230

Table 4.9. Results of the Fisher's 2x2 exact tests for significant overlap between
polygenic risk score-associated differently methylated positions (DMPSs) in the
prefrontal cortex and regulatory featuresS.........ccoovvvvvveeeeiiiiii e 231

20



Table 4.10. Results of the Fisher's 2x2 exact tests for significant overlap
between polygenic risk score-associated differently methylated positions
(DMPs) in the striatum and regulatory features .............ccccceeiiiiiiiiiiiiiiiiinnns 232

Table 4.11. Results of the Fisher's 2x2 exact tests for significant overlap
between polygenic risk score-associated differently methylated positions
(DMPs) in the hippocampus and regulatory features .............cccccveviinniinnnnnnns 232

Table 4.12. Results of the Fisher's 2x2 exact tests for significant overlap
between polygenic risk score-associated differently methylated positions
(DMPs) in the cerebellum and regulatory features .............ccccccveieiiiiiinnnnnnnns 232

Table 4.13. Differentially methylated regions (DMRs) significantly associated
with polygenic score for schizophrenia..............coevvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeee 234

Table 4.14. Top ranked polygenic risk score-associated differently methylated
probes (DMPs) identified in the multiregion model incorporating the prefrontal
cortex (PFC), striatum (STR) and hippocampus (HC) data.................cceeeenn.. 241

Table 4.15. Significant polygenic risk score-associated differently methylated
regions (DMRs) identified in the multilevel model incorporating the prefrontal
cortex, striatum and hippocampus data............coooeeeeiiee 244

Table 4.16. Polygenic risk score (PRS)-associated DMPs located within
schizophrenia-associated regions from the largest schizophrenia GWAS to date
....................................................................................................................... 251

Table 4.17. Results of the Fisher's 2x2 exact tests for significant overlap
between polygenic risk score-associated differently methylated positions
(DMPs) in all the brain regions and GWAS regions.........cccoeveeeeevveeviviiiineeeenn. 254

Table 5.1. Glossary of weighted gene co-methylation analysis terminology .. 266

Table 5.2. Modules identified in the network using prefrontal cortex data from
the non-psychiatric controls of the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain BanK.................ccccccuvveiiiiiiiinnnnnns 273

Table 5.3. Modules identified in the network using prefrontal cortex data from
the schizophrenia cases of the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain BanK.................ccccccuvveiiiiiiiinnnnnns 274

Table 5.4. Modules identified in the network using prefrontal cortex data from
both non-psychiatric cases and schizophrenia controls from the MRC London
Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada Brain Bank
....................................................................................................................... 281

Table 5.5. Modules identified in the network using striatum data from both non-
psychiatric cases and schizophrenia controls from the MRC London
Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada Brain Bank

....................................................................................................................... 283

Table 5.6. Modules identified in the network using cerebellum data from both
non-psychiatric cases and schizophrenia controls from the MRC London
Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada Brain Bank
....................................................................................................................... 285

21



Table 5.7. List of ‘hub probes’ (module membership > 0.80) from the prefrontal
cortex modules ‘brown’, ‘black’, ‘tan’, ‘salmon’ and ‘darkgrey’.............ccccc...... 294

Table 5.8. Genes annotated to ‘hub probes’ of schizophrenia-associated
modules that have an interaction with a hypothesised schizophrenia gene ... 297

Table 5.9. Association between modules identified in the prefrontal cortex and
schizophrenia in the striatum (STR), hippocampus (HC) and cerebellum (CER)

....................................................................................................................... 298
Table 5.10. Pathway analysis in the prefrontal cortex ‘brown’ module using data
from schizophrenia cases and CONtrOIS ...........covvvvviiiiiiiiiiiiiiiiieeeeeeeeeeee 300

Table 5.11. Pathway analysis in the prefrontal cortex ‘black’ module using data
from schizophrenia cases and CONtrolS ..............ceeiiiieeeiiiieiiee e, 302

Table 5.12. Pathway analysis in the prefrontal cortex ‘tan’ module using data
from schizophrenia cases and CONtroIS ...........coevvvvviiiiiiiiiiiiiiiiiiiieeeeeeeee 304

Table 5.13. Pathway analysis in the prefrontal cortex ‘salmon’ module using
data from schizophrenia cases and controls .............ccccoee 306

Table 5.14. Pathway analysis in the prefrontal cortex ‘darkgrey’ module using
data from schizophrenia cases and CONtrols .............cccceeeeeieiiiiiiiiiiii e, 309

Table 5.15. Modules identified in the network using prefrontal cortex data from
Caucasian non-psychiatric cases and schizophrenia controls from the MRC
London Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada
= = 1L T == P 312

Table 5.16. Modules identified in the network using striatum data from
Caucasian non-psychiatric cases and schizophrenia controls from the MRC
London Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada
= = 1L T = = P 312

Table 5.17. Modules identified in the network using cerebellum data from
Caucasian non-psychiatric cases and schizophrenia controls from the MRC
London Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada

== LT = = T | 314
Table 5.18. Association of the fetal brain modules with schizophrenia in the
= T0 (U] L o] = 11 0 = - USRI 319
Table 6.1. Key RNA sequencing terms used in this Chapter.......................... 325

Table 6.2. RNA quantity and integrity information of the all the RNA samples
extracted before and after the clean-up procedure............cccccoeeiiiiii, 326

Table 6.3. Details of the complementary DNA (cDNA) libraries prepared...... 330

Table 6.4. Number of raw, trimmed and mapped reads for each sequenced
0] > N 333

Table 6.5. Criteria for sample exclusion or inclusion in the analyses performed
TR a1 IS ol g =T o) = U 354

Table 6.6. Demographic information on the final set of samples included in the
analyses performed in thiS Chapter..........ccuiiiiiiiiii e 355



Table 6.7. Top ranked schizophrenia-associated differently expressed genes
identified in the prefrontal COMteX ... 362

Table 6.8. 450K array probes nominally associated with schizophrenia in the
prefrontal cortex which are annotated to the differentially expressed genes
using the lllumina gene annotation................ccceoiiieeiiiiieiicc e 372

Table 6.9. 450K array probes nominally associated with schizophrenia in the
prefrontal cortex which the closest annotated transcription start site is one of the
schizophrenia-associated differentially expressed genes...........ccccooeeeevveeennns 375

Table 6.10. 450K array probes nominally associated with schizophrenia in the
prefrontal cortex that are annotated to the differentially expressed genes using
the GREAT gene annotation .............ceeviiiiiiiiiiiiiiiiiiiiiieeeeeeeeee e 376

Table 6.11. Results of the schizophrenia differential expression analysis for the
expressed genes annotated to the differentially methylated regions (DMRS)
identified iN Chapter 3 ... ... e 379

Table 6.12. Results of the schizophrenia differential expression analysis for the
expressed genes annotated to the differentially methylated probes identified in

the prefrontal cortex (Chapter 3) .......oovvviiiiiiiiiiiiiieeeeee 380
Chapter 7 - Table 1. 47,XXY-associated differently methylated regions in the
PrEFTONTAL COMEX ...t 390
Chapter 7 - Table 2. 47,XXY-associated differently methylated regions in the
CerebellUmM .. .. 392
Chapter 7 - Table 3. 47,XXY-associated differentially expressed genes in the
PrEFTONTAL COMEX ...t 393
Chapter 7 - Table 4. 47,XXY-associated differentially expressed genes in the
(0T (=1 0= |11 SRR 395
Table 8.1. Key genes implicated in the studies presented in my thesis.......... 408

Appendix A - Supplementary Table 1. Demographic data of all samples used in
TNIS TNESIS et 415

Appendix A - Supplementary Table 2. Sentrix barcode ID information for all
samples included in this thesSiS.............uiiiiii e, 418

Appendix A - Supplementary Table 3. Tissue prediction results for all samples
iIncluded in Chapter 3 Part 1 ............uuuuuuuiiiiiiiiiiiiii e 423

Appendix A - Supplementary Table 4. Tissue prediction results for all samples
included in Chapter 3 Part 2 .........ooi e 431

Appendix A - Supplementary Table 5. Tissue prediction results for all samples
included in Chapter 3 Part 3 ... 441

Appendix A - Supplementary Table 6. Methylation QTLs (mQTL) identified in
the prefrontal cortex for SNPs included in the schizophrenia polygenic risk score
(R 3 N 451

Appendix A - Supplementary Table 7. Methylation QTLs (mQTL) identified in
the striatum for SNPs included in the schizophrenia polygenic risk score (PRS)456

23



Appendix A - Supplementary Table 8. Methylation QTLs (mQTL) identified in
the cerebellum for SNPs included in the schizophrenia polygenic risk score
(PRS)

Appendix A - Supplementary Table 9. Overlap of probes assigned to each pair
of schizophrenia cases and non-psychiatric controls modules...................... 465

Appendix A - Supplementary Table 10. Percentage of probes in each of the
non-psychiatric controls modules overlapping with each of the schizophrenia
CaSES MOAUIES (L 10 27) eeeeeiiiiiie et e e e e e e e e e e eeeees 468

Appendix A - Supplementary Table 11. Percentage of probes in each of the
non-psychiatric controls modules overlapping with each of the schizophrenia
CaseS MOAUIES (28 10 54) ..ovvueiiiei e e 471

Appendix A - Supplementary Table 12. P-values of the hypergeometric test
between pairs of non-psychiatric controls and schizophrenia (1 to 27) modules
....................................................................................................................... 474

Appendix A - Supplementary Table 13. P-values of the hypergeometric test
between pairs of non-psychiatric controls and schizophrenia (28 to 54) modules
....................................................................................................................... 477

Appendix A - Supplementary Table 14. P-values of the Fisher's exact test
between pairs of non-psychiatric controls and schizophrenia (1 to 27) modules
....................................................................................................................... 481

Appendix A - Supplementary Table 15. P-values of the Fisher's exact test
between pairs of non-psychiatric controls and schizophrenia (28 to 54) modules
....................................................................................................................... 485

Appendix B - Table S1. Autosomal CNVs detected in the 47,XXY sample .... 502

Appendix B - Table S2. Rank of the 47 ,XXY patient against other samples for
transcription of probes associated with loci believed to escape X-chromosome
L= Tod 1170 ] o 503

Appendix B - Table S3. Rank of the 47 ,XXY patient against other samples for
transcription of probes associated with loci residing in pseudoautosomal regions
(PAR) 1 NG 2.t n et n e, 504

Appendix B - Table S4. Demographic and sample information for all samples
INCluded iN thiS STUAY ..........uuiiiiiii e 505

24



Publications Arising from this Thesis

Chapters 3 and 4 (accepted manuscript presented on Appendix C):

Viana J, Hannon E, Dempster E, Pidsley R, Macdonald R, Knox O, Spiers H,
Troakes C, Al-Saraj S, Turecki G, Schalkwyk LC, Mill J. (In Press)
Schizophrenia-associated methylomic variation: molecular signatures of
disease and polygenic risk burden across multiple brain regions. Human
Molecular Genetics.

The data generated in Chapter 3 were also included for different analyses or as

replication datasets on the following publications (articles presented on
Appendix C):

Pidsley R, Viana J, Hannon E, Spiers H, Troakes C, Al-Sarraj S, Mechawar N,
Turecki G, Schalkwyk L, Bray N, Mill J. (2014) Methylomic profiling of human
brain tissue supports a neurodevelopmental origin for schizophrenia. Genome
Biology 15(10):483.

Fisher HL*, Murphy TM*, Arseneault L, Caspi A, Moffitt TE, Viana J, Hannon E,
Pidsley R, Burrage J, Dempster EL, Wong CC, Pariante CM, and Mill J. (2015)
Methylomic Analysis of Monozygotic Twins Discordant for Childhood Psychotic
Symptoms. Epigenetics 10(11):1014-23.

Hannon E, Spiers H, Viana J, Pidsley R, Burrage J, Murphy T, Troakes C,
Turecki G, O’Donovan MC, Schalkwyk L, Bray N, Mill J. (2016) Methylation
QTLs in the developing brain and their enrichment in schizophrenia risk loci.

Nature Neuroscience 19:48-54.

Chapter 7:

Viana J*, Pidsley R*, Troakes C, Spiers H, Wong CCY, Al-Sarraj S, Craig I,
Schalkwyk L, Mill J. (2014) Epigenomic and Transcriptomic Signhatures of a
Klinefelter's Syndrome (47,XXY) Karyotype in the Brain. Epigenetics 9(4):587-
99.

25



During the course of my PhD | also co-authored other publications:

Hannon E, Dempster E, Viana J, Burrage J, Smith AR, Macdonald R, St Clair
D, Mustard C, Breen G, Therman S, Kaprio J, Toulopoulou T, Hulshoff Pol HE,
Bohlken MM, Kahn RS, Nenadic I, Hultman CM, Murray RM, Collier DA, Bass
N, Gurling H, McQuillin A, Schalkwyk L, Mill J. (2016) An integrated genetic-
epigenetic analysis of schizophrenia: evidence for co-localization of genetic
associations and differential DNA methylation. Genome Biology 17(1):176.

Kumsta R*, Marzi S*, Viana J, Rutter M, Sonuga-Barke R and Mill J. (2016)
Severe psychosocial deprivation in early childhood is associated with
hypermethylation across a region of the CYP2E1 gene. Translational Psychiatry
6: e830.

Laing LV, Viana J, Dempster E, Trznadel M, Trunkfield L, Uren Webster TM,
van Aerle R, Paull GC, Wilson R, Mill J and Santos EM. (2016) Bisphenol A
causes reproductive toxicity and changes in epigenetic signalling pathways in
mature zebrafish. Epigenetics 11(7):526-38.

*These authors contributed equally to the work.

26



Declarations

The samples used in Chapter 3 were obtained from the Medical Research
Council (MRC) London Neurodegenerative Diseases Brain Bank (LNDBB), at
the Institute of Psychiatry, Psychology & Neuroscience, King’s College London
(courtesy of Dr Claire Troakes and Dr Safa Al-Sarraj), the Douglas-Bell Canada
Brain Bank (DBCBB), Canada (courtesy of Dr Naguib Mechawar and Dr
Gustavo Turecki), and the Edinburgh Brain and Tissue Banks (EBTB), at the
University of Edinburgh (courtesy of Chris-Anne McKenzie). The samples used
in Chapter 4, 5 and 6 were obtained from the LNDBB and the DBCBB. The
samples used in Chapter 7 were obtained from the LNDBB.

All laboratory work was conducted by me at the University of Exeter Medical

School laboratories with the exception of the following:

e DNA isolation and DNA methylation array and genotyping array
processing of the prefrontal cortex and cerebellum samples from the LNDBB
presented in Chapters 3, 4, 5, 6 and 7, which was carried out by Dr Ruth
Pidsley as part of our initial study of DNA methylation changes in schizophrenia
(Pidsley et al., 2014).

e Assistance for the PCR-pyrosequencing validation of DNA methylation
changes in the chrl7:154410-154672 region (Chapter 3 section 3.3.6.1) in the
striatum samples was given by Ruby Macdonald, a placement student in our

laboratory, with further assistance from Dr Emma Dempster.

e The complementary DNA libraries used in Chapter 6 were prepared by
me in collaboration with Audrey Farbos at the University of Exeter Sequencing

Service.

¢ lllumina RNA sequencing of my libraries in Chapter 6 was carried out by
Audrey Farbos and Dr Karen Moore at the University of Exeter Sequencing

Service.

27



The bioinformatics and statistical analyses were performed by me with

exception of the following:

e The RNA sequencing data demultiplexing, contamination check and
spike-in internal controls quality check (Chapter 6) were carried out by Dr
Konrad Paszkiewicz at the University of Exeter Sequencing Service

e The polygenic risk scores calculation, ethnicity prediction and
methylation quantitative trait loci analyses presented in Chapter 4 were carried

out with help from Dr Eilis Hannon.

e The multiple testing threshold used in Chapters 3 and 4 was calculated

by Dr Eilis Hannon.

Chapter 7 is presented in form of a peer-reviewed publication (Viana et al.,
2014). First authorship of this publication is shared between me and Dr Ruth
Pidsley and we both contributed equally to this work. Appendix B presents the

supplementary material of Chapter 7.

28



Abbreviation
5caC
5fC
5hmC
5hmu
ADHD
AID
APS
ASD
BA
BER
bp
cAMP
cDNA
CER
CETS
chr
CpG
CPM
CTR
DBCBB
DE
DHS(s)
DMP(s)
DMR(s)
DNA
DNMT(s)
DSM
EBTB
EDTA
eQTL
ERCC

List of Abbreviations

Term
5-carboxylcytosine
5-formylcytosine
5-hydroxymethlcytosine
5-hydroxymethyluracil
Attention-deficit/hyperactivity disorder
Activation-induced deaminase
Adenosine 5° phosphosulphate
Autism-spectrum disorder
Brodmann area
Base-excision repair
Base pairs
Cyclic adenosine monophosphate
complementary deoxyribonucleic acid
Cerebellum
Cell epigenotype specific
Chromosome
Cytosine-guanine dinucleotide
Counts per million
Controls
Douglas-Bell Canada Brain Bank
differentially expressed
DNasel hypersensitivity site(s)
differentially methylated probe(s)
differentially methylated region(s)
Deoxyribonucleic acid
DNA methyltransferase(s)

Diagnostic and Statistical Manual of Mental Disorders

Edinburgh Brain and Tissue Banks
Ethylenediamine tetraacetic acid
Expression quantitative trait loci

External RNA Controls Consortium

29



EWAS
FC
FDR
FGA(s)
FPKM
GLM
GO
GREAT
GWAS
HC
HDCAC(S)
HGNC
HLA
KS
LD
INcCRNA
LNDBB
LREC
M
MDS
ME
MECP2
MHC
mirRNA
MM
mQTL
MRC
MRNA
NcRNA
NGS
NHI
OECD
OR
PC

Epigenome-wide association studies
Fold-change
False discovery rate
First generation antipsychotic(s)
Fragments per kilobase of transcript per million mapped reads
Generalised linear model
Gene ontology
Genomic regions enrichment of annotations tool
Genome-wide association studies
Hippocampus
Histone deacetylase(s)
HUGO Gene Nomenclature Committee
Human leukocyte antigen
Klinefelter syndrome
Linkage disequilibrium
Long non-coding ribonucleic acid
MRC London Neurodegenerative Diseases Brain Bank
Local Research Ethics Committee
Methylated
Multidimensional scaling
Module eigengene
Methyl-CpG binding protein 2
Major histocompatibility complex
Micro ribonucleic acid
Module membership
Methylation quantitative trait loci
Medical Research Councll
Messenger ribonucleic acid
Non-coding ribonucleic acid
Next generation sequencing
National Institutes of Health
Organisation for Economic Co-operation and Development
Odds ratio

Principal component

30



PCR
PFC
PIRNA
PPI
PPi
PRS
QC
gPCR
QQ
RIN
RNA
RNA-seq
rRNA
SAM
SBS
SCID |
SGA(s)
SsiRNA
SMRT
SnoRNA
SNP
SNRNA
STR
TDG
TET
TFBS(s)
tRNA
U
WGCNA
XClI

Polymerase chain reaction
Prefrontal cortex
Piwi-interacting ribonucleic acid
Protein-protein interactions
Pyrophosphate molecules
Polygenic risk score(s)

Quality control
Quantitative polymerase chain reaction
Quantile-quantile
Ribonucleic acid integrity number
Ribonucleic acid
RNA sequencing
Ribosomal ribonucleic acid
S-adenosylmethionine
Sequencing-by-synthesis
Structured Clinical Interviews for DSM Disorders |
Second generation antipsychotic(s)
Small interfering ribonucleic acid
Single-molecule real-time
Small nucleolar ribonucleic acid
Single nucleotide polymorphism
Small nuclear ribonucleic acid
Striatum
Thymine DNA glycosylase
Ten-eleven translocation
Transcription factor binding site(s)
Transporter ribonucleic acid
Unmethylated
Weighted-gene co-methylation analysis

X-chromosome inactivation

31



Chapter 1 - General Introduction

1.1. Schizophrenia
1.1.1. Clinical manifestation

Schizophrenia is a severe psychiatric disorder with neurodevelopmental origins
that affects more than twenty-one million people worldwide, and contributes
significantly to the global burden of disease (World Health Organization, 2013,
World Health Organization, 2015). Schizophrenia onset occurs typically during
adolescence or early adulthood, generally later in females than males (Hafner
et al., 1994). Incidence rates are higher in males compared to females with a
relative risk of approximately 1.4 (Aleman et al., 2003, McGrath et al., 2008).

The term schizophrenia was first used in 1908 by the Swiss psychiatrist Eugen
Bleuler and over the last century the diagnostic criteria for schizophrenia has
been the subject of considerable debate. The disorder is primarily defined by
both ‘positive’ symptoms, such as hallucinations, delusions and interference
with thought processes, and ‘negative’ symptoms, such as dysfunctional
affective responses including apathy, lack of drive and social isolation, and
altered cognition (Burmeister et al., 2008). Positive symptoms refer to
symptoms present in affected individuals and absent in unaffected individuals,
whereas negative symptoms are features absent in affected individuals and
present in unaffected individuals. The wide range of symptoms means that
multiple different clinical presentations are possible, with two schizophrenia
patients potentially having few diagnosed symptoms in common.

This heterogeneity has led to multiple attempts to identify diagnostic subtypes
within schizophrenia, not only to improve understanding of its aetiology and
pathophysiology, but also improve therapy for these patients (Kendell, 1987).
Despite these attempts to refine diagnosis, schizophrenia remains a broad
clinical syndrome defined by reported subjective experiences (symptoms), loss
of function (behavioural impairments) and variable patterns of course
(Jablensky, 2010). Until 2013, according to the Diagnostic and Statistical
Manual of Mental Disorders (DSM) IV, (American Psychiatric Association,
1994), schizophrenia was categorised into five different subtypes: paranoid,

disorganised, catatonic, undifferentiated and residual type. In 2013, however,
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these subtypes were eliminated from the updated DSM-5 (American Psychiatric
Association, 2013) because they provided a poor description of the
heterogeneity of schizophrenia, had low diagnostic stability, did not exhibit
distinctive patterns of treatment response or longitudinal course, and were not
heritable (Tandon et al., 2013). Table 1.1 - taken from Tandon et al. (2013) -
describes the updates in schizophrenia diagnostic criteria from DSM-IV
(American Psychiatric Association, 1994) to DSM-5 (American Psychiatric
Association, 2013). Despite these changes the core of diagnostic criteria in the
latest DSM was maintained; schizophrenia remains within the schizophrenia
disorders spectrum, which includes schizophreniform disorder, schizoaffective
disorder and delusional disorder.

1.1.2. Neuropathology of schizophrenia

In this thesis my research focuses primarily on molecular alterations in the
prefrontal cortex (PFC), striatum (STR), hippocampus (HC) and cerebellum
(CER) in the context of schizophrenia. Figures 3.1. to 3.4 in Chapter 3 show
the location of each of the regions in the human brain. Next | give an overview

of the function of each brain region and their involvement in schizophrenia:

o The PFC is located in the anterior part of the frontal lobe (Chapter 3
Figure 3.1). It coordinates a broad range of functions including attention and
the planning of motor and behavioural responses to internal and external
stimuli, working with other brain regions to play a role in learning and memory
and working memory (Tamminga and Buchsbaum, 2004). Decades of clinical,
neuropathological, functional and brain connectivity research implicate it as one

of the primary brain regions affected in schizophrenia (Shenton et al., 2001).

o The STR is composed by a group of contiguous subcortical structures
located in the forebrain: the caudate, putamen and nucleus accumbens, and is
part of the basal ganglia (Chapter 3 Figure 3.2). The basal ganglia are best
known by their role in facilitating voluntary movement. The STR is one of the
main components of the basal ganglia; it is connected and receives input from
the cerebral cortex. It is therefore thought to be involved in several cortical
functions, including cognition, motor and action planning, decision-making,
motivation, reinforcement, and reward perception (Balleine et al., 2007).

Although this structure has received much less attention than the PFC in the
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context of schizophrenia, emerging evidence suggests that the STR might be
involved in generating the cognitive symptoms observed in the disease. For an
overview of the function of the STR and its possible involvement in

schizophrenia see Simpson et al. (2010).

o The HC is located in the medial temporal lobe, under the cerebral cortex
(Chapter 3 Figure 3.3). It is part of the limbic system and is involved in spatial
navigation and the consolidation of information from short-term memory to long-
term memory. The observation that schizophrenia patients can experience
episodic memory loss (Ranganath et al., 2008) led to the suggestion that the
HC could be involved in the disorder. Several neuroimaging, behavioural and
molecular studies have implicated hippocampal dysfunction in schizophrenia
(Heckers, 2001, Preston et al., 2005, Lodge and Grace, 2008, Tamminga et al.,
2010).

o The CER is located in the hindbrain (Chapter 3 Figure 3.4). Its primary
function is to coordinate motor activity; however mounting evidence suggests
that the CER also plays a role in cognition (Rapoport et al., 2000). This concurs
with evidence showing that cerebellar dysfunction is important in schizophrenia
and neuropathological studies showing that patients with schizophrenia have
cerebellar abnormalities, including a decrease in the density and size of
Purkinje cells. For a detailed overview of the role of the CER in schizophrenia

see the review by Andreasen and Pierson (2008).
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1.1.3. Genetics of schizophrenia

1.1.3.1. Heritability and evidence from twin studies

Twin and family studies have highlighted a notable heritable component to
schizophrenia, currently estimated at ~85% (Craddock et al., 2005).
Concordance rates for diagnosed schizophrenia in monozygotic twins have
been shown to be consistently higher (~50%) than in dizygotic twins (~17%),
and adoption studies have provided further evidence that relatives of
schizophrenia patients have an increased risk of developing the disorder (Riley
and Kendler, 2006).

1.1.3.2. Rare and de novo mutations

Although schizophrenia genetic susceptibility is believed to be predominantly
due to a polygenic burden of common genetic variants (see section 1.1.3.3),
rare but highly penetrant inherited genomic alterations, such as copy number
variants (Stefansson et al., 2014), de novo mutations (Xu et al., 2011, Purcell et
al.,, 2014), and genetic translocations (St Clair et al.,, 1990), have been
implicated in some cases of the disease. Furthermore, a recent study reported
an increased retrotransposition of long interspersed nuclear element-1 (L1)
copy number in brains of schizophrenia patients compared to controls, as well

as in iPS-derived neurons of schizophrenia patients (Bundo et al., 2014).

1.1.3.3. Schizophrenia as a polygenic disorder

Initial genetic studies looking for genetic variants associated with schizophrenia
took a candidate gene approach, selecting genes for study due to their
presumed biological function. However, in these studies effect sizes are small
and researchers have often been unable to replicate initial associations
(Burmeister et al., 2008). Today, it is clear that schizophrenia susceptibility is
predominantly attributed to the action of common genetic variants of low
penetrance. The revolution precipitated by the onset of genome-wide
association studies (GWAS) facilitated the identification of thousands of genes
and genetic variants that contribute to complex diseases in humans. However,
such studies need large sample sizes to increase the chance of detecting
disease-associated variants, especially in heterogeneous disorders such as
schizophrenia. In 2007 the Psychiatric Genomics Consortium (PGC) was

created with the aim of ‘uniting investigators around the world to conduct meta-
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and mega-analyses of genome-wide genomic data for psychiatric disorders’,
including now 800 investigators from 38 countries (Psychiatric Genomics
Consortium, 2016) and is an exemplar for collaboration in genetic studies
across the biomedical sciences. The most recent schizophrenia GWAS carried
out by the Schizophrenia Working Group of the PGC identified 128 common
variants in 108 loci associated with schizophrenia (Schizophrenia Working
Group of the Psychiatric Genomics, 2014). Despite these advances in
understanding the genetic epidemiology of schizophrenia, little is known about
the mechanisms by which schizophrenia risk variants mediate disease
susceptibility in the brain (Fullard et al., 2016, Psych et al., 2015).

1.1.4. Schizophrenia polygenic risk score

In complex disorders such as schizophrenia, the variants reaching stringent
genome-wide significance thresholds explain a limited amount of the observed
heritability (International Schizophrenia, 2009, Schizophrenia Working Group of
the Psychiatric Genomics, 2014), limiting their predictive power for clinical and
aetiological applications. Polygenic risk scores (PRS) have recently generated
interest as a way of using the information of nominally associated alleles with
very small individual effects that collectively account for a substantial proportion
of variation in disease risk (Dudbridge, 2013). This approach ideally involves
combining multiple genetic markers into a single score for predicting disease

risk.

A common method to calculate PRS is to count the number of risk alleles
present in an individual’'s genome weighted by their effect size in the GWAS
analysis in which they were identified. The most recent schizophrenia GWAS
(Schizophrenia Working Group of the Psychiatric Genomics, 2014) calculated a
schizophrenia PRS derived from all independent nominally significant
associated alleles (association P-value <0.05) that captures about 7% of total
liability for the disorder in an European population. Although this is still not
useful for clinical risk predication, it is possible that it may be predictive of
chronicity, treatment resistance or useful in the stratification of patients
(O'Donovan, 2015).
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1.1.5. Neurodevelopmental origins of schizophrenia

The neurodevelopmental hypothesis of schizophrenia posits that the disease
results from deficits arising during neurodevelopment. Mounting evidence from
brain imaging, genetic, epigenetic and epidemiological studies support a
neurodevelopmental origin of schizophrenia (for a comprehensive review on the
neurodevelopmental model of schizophrenia see Rapoport et al. (2012) and
Fatemi and Folsom (2009)). For example, several of the most robustly
supported schizophrenia susceptibility genes identified in GWAS have known
roles in early brain development and appear to impact on schizophrenia risk
during this period (Kirov et al., 2009, Hill and Bray, 2012). Furthermore, several
prenatal environmental insults including maternal stress (Khashan et al., 2008),
hypoxia (Cannon et al., 2002), maternal infection (Brown and Derkits, 2010) and
maternal malnutrition or famine (Susser et al., 1996) are well established

associations with increased schizophrenia risk.
1.1.6. Immunity and inflammation in schizophrenia

Epidemiological studies have long suggested a role for dysregulation of the
immune system and infection in schizophrenia (Sorensen et al., 2009, Benros et
al., 2011, Nielsen et al., 2013). For example, an increased maternal level of the
pro-inflammatory cytokine interleukin-8 during pregnancy is associated with an
increased risk for schizophrenia in offspring (Brown et al., 2004) (for a review on
maternal infection and schizophrenia risk see Brown and Derkits (2010)). This
hypothesis is supported by schizophrenia transcriptomic studies which show
enrichment of immune-related pathways in genes dysregulated in schizophrenia
patients (Mistry et al., 2013, Roussos et al., 2012). Furthermore, genetic
variants in the major histocompatibility complex (MHC) locus have been
strongly associated with schizophrenia in recent GWAS studies (International
Schizophrenia et al., 2009, Schizophrenia Working Group of the Psychiatric
Genomics, 2014). The MHC locus spans several megabases on chromosome 6
and contains 18 highly polymorphic human leukocyte antigen (HLA) genes that
encode proteins with antigen-presenting roles in the immune system
(Benacerraf, 1981).
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1.2. Gene expression and regulation

Understanding the molecular mechanisms that mediate gene regulation in a
living organism is a central challenge of modern biology. The DNA sequence of
an individual is identical across all somatic cells in the human body (except
when rare somatic mutations occur), holding instructions for synthesising all the
molecules that form the human body (Encode Project Consortium et al., 2007).
However not all of this genetic information is required at all points during
development or by all cells; it is estimated that only half of the ~19,000 protein
coding genes within the mammalian genome are expressed in any cell type
(Ezkurdia et al., 2014).

Figure 1.1 shows a simplified diagram of the gene expression process from
DNA to protein. During transcription, a coding portion of the DNA (i.e. a protein
coding gene) is used by a RNA polymerase as a template to generate a
messenger RNA (mMRNA) molecule. The mRNA molecules contain sequences
called introns that are removed before the mature mRNA leaves the nucleus in
a process called splicing. The remaining regions of the transcript, which include
the protein-coding regions, are called exons, which are spliced together to
produce the mature mRNA. After the mature mRNA leaves the nucleus it is

used as a template to synthesise proteins in a process called translation.

The fine-scale temporal and spatial control of gene transcription (DNA to RNA)
is regulated by the presence, absence and interplay of transcription factors and
other co-factors as well as epigenetic marks. These marks include DNA
modifications, histone modifications and the action of non-coding RNA (ncRNA)
(Allis et al., 2015). In the next sections | describe some of the epigenetic
modifications involved in transcriptional regulation, with particular focus on DNA
methylation, and present supporting evidence for the dysregulation of gene

expression and epigenetic mechanisms in schizophrenia.
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Figure 1.1. A simplified overview of the flow of information from DNA to

protein in a eukaryote. Figure taken from Nature Education (2014).
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1.2.1. Introduction to epigenetics

The term ‘epigenetics’ was introduced in 1942 by the embryologist Conrad
Waddington to define the emerging branch of biology that *...studies the causal
interactions between genes and their products which bring the phenotype into

’

being...” (Waddington, 1942). Waddington illustrated his concept as an
‘Epigenetic Landscape’ (Figure 1.2), representing a metaphor for how gene
regulation modulates cell fate during development. The figure shows a cell
represented as a marble which is initially phenotypically plural, but becomes
increasingly differentiated as it traverses down specific ridges and valleys within
the landscape (Waddington, 1957). In modern usage epigenetics refers to the
study of mitotically heritable, but reversible, changes in gene expression that
occur independently of the genomic DNA sequence (Henikoff and Matzke,
1997). As such, epigenetic processes are critical for normal cellular
development, tissue differentiation and the long-term regulation of gene
function. For a glossary of key epigenetic terms used in this thesis see Table
1.2.

Figure 1.2. Waddington’s epigenetic landscape. This figure represents the
process of cellular differentiation during development; the marble represents a
cell which has to follow a pathway through the different ‘valleys’ and ‘peaks’ of
genetic regulation and the specific trajectory taken determines the cell fate.
Figure taken from Waddington (1957).
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1.2.2. Epigenetic mechanisms

Epigenetic mechanisms are integral to normal cellular differentiation and play a
key role in the regulation of gene expression, X-chromosome inactivation
(Avner and Heard, 2001), genomic imprinting (Morison et al., 2005) and the
silencing of retroviral transposable elements (Walsh et al., 1998). Epigenetic
mechanisms show distinct tissue-specific patterns and are highly dynamic
during development (Rakyan et al., 2008). Once established during
development, the epigenetic marks defining cellular phenotype are mitotically
inherited, although evidence suggests epigenetic alterations can arise across
the life span as a result of environmental influences or stochastic changes
(Egger et al., 2004). There are several different forms of epigenetic processes
including DNA or histone modifications and non-coding RNAs, which are each

described in the following sections.

1.2.2.1. DNA modifications

DNA methylation is the most well characterised and stable epigenetic
mechanism (Jirtle and Skinner, 2007) and plays a key role in the transcriptional
regulation of the mammalian genome. In eukaryotes DNA methylation involves
the transfer of a methyl group to the 5™ position of the cytosine pyrimidine ring,
usually (but not exclusively) at a CpG site (Figure 1.3). The reaction uses S-
adenosylmethionine (SAM) as a methyl donor and is catalysed by a group of
enzymes called DNA methyltransferases (DNMTs) (Klose and Bird, 2006).
DNMT3a and DNMT3b are de novo methytransferases which are responsible
for establishing DNA methylation at unmethylated cytosines, whilst DNMTL1 acts
to maintain existing DNA methylation patterns (Lyko et al., 1999).

NH2 SAM-CH; SAM NHZ
~N ~N

I /& DNMT1 | /&

DNMT3A

N 0 DNMT3B N 0
H H

cytosine 5-methylcytosine

5mC

Figure 1.3. DNA methylation involves the transfer of a methyl group to the
5" position of the cytosine pyrimidine ring. Figure adapted from Ku et al.
(2011).
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Although it is widely accepted that DNA methylation can be both actively and
passively removed from methylated cytosines (Tahiliani et al., 2009, Chen et al.,
2003), the specific mechanisms driving active DNA demethylation have only
recently been described. It has recently been shown that methyl groups can be
removed by sequential oxidation of DNA methylation mediated by TET proteins
via three intermediate modifications; 5-hydroxymethlcytosine (5hmC), 5-
formylcytosine (5fC) and finally 5-carboxylcytosine (5caC) (He et al., 2011, Ito et
al., 2011), which can then be removed by thymine DNA glycosylase (Zhang et
al., 2012, Yu et al., 2012). Figure 1.4 taken from Tan and Shi (2012) shows the
proposed mechanisms of cytosine demethylation in the literature.

Although the 5hmC, 5fC and 5caC species were initially considered to be
intermediate by-products of active 5mC demethylation, recent evidence
suggests they may be epigenetic marks on their own (Booth et al., 2014, Booth
et al., 2013, Booth et al., 2012, Bachman et al., 2015, Bachman et al., 2014).
5hmc in particular has gained recent attention given its potentially important role
in the human brain and implication in neurological disorders (Cheng et al., 2015,
Lunnon et al.,, 2016a). Furthermore, TET proteins have been implicated in
meiosis, development, imprinting maintenance and stem-cell reprogramming
(Yamaguchi et al., 2012, Gu et al., 2011, Ficz et al., 2011, Dawlaty et al., 2013),
suggesting wide-ranging functional roles for other products of active DNA

demethylation.

Since methylated cytosines are more liable to spontaneous deamination than
unmethylated cytosines, CpG dinucleotides are less common in the genome
than would be predicted by chance, and primarily occur in conserved clusters
called ‘CpG islands’ (see Table 1.2 for a definition) which are often located in
gene promoters and are typically unmethylated (Bird, 1986). Epigenetic
epidemiological research has primarily focused on DNA methylation at these
CpG islands, although recent research highlights the functional importance of
DNA methylation in other genomic regions (Jones, 2012). For example, exciting
new research supports the hypothesis that intergenic DNA methylation might
modulate alternative splicing (Maunakea et al., 2013). Furthermore, DNA
methylation changes during brain development are overrepresented in regions
flanking CpG islands (shores and shelves) and gene bodies (Spiers et al.,
2015).
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Figure 1.4. Potential mechanisms of active demethylation of DNA
regulated by ten-eleven-translocation (TET) family protein. Figure taken
and legend adapted from Tan and Shi (2012). TET proteins catalyse 5mC
oxidation to 5hmC and further conversion into 5fC and 5caC. These may be
recognized and excised by thymine DNA glycosylase (TDG) to generate
cytosine and therefore complete demethylation. Alternatively, because 5hmcC is
more sensitive than 5mC to deamination (via activation-induced deaminase,
AID), it can be converted to 5-hydroxymethyluracil (5hmU), which can in turn be
converted to cytosine following base-excision repair (BER) pathway-mediated

demethylation.
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1.2.2.2. Histone modifications

Histone proteins package and order eukaryotic DNA into structural units
called nucleosomes within the cell nucleus and are the primary protein
component of chromatin (Figure 1.5). The nucleosome (see Table 1.2 for a
definition) is the building unit of chromatin and is comprised of DNA wrapped
around histone proteins forming a ‘spool’-like structure. Four types of histone
protein — H2A, H2B, H3, H4 — combine to form the nucleosome’s histone
octamer core (Spencer and Davie, 1999). The N-terminal tails of the histone
particles extend out from the nucleosome and are subject to post-synthesis

modifications (Spencer and Davie, 1999).

A growing number of post-translational covalent histone modifications have
been described (including acetylation, methylation, phosphorylation,
SUMOylation, and ubiquitylation) (for a review on histone modifications see
Kouzarides (2007)). Together these modifications form a complex,
combinatorial ‘histone code’ which plays a role in gene expression regulation
via alterations in chromatin structure (Berger, 2007). These alterations affect the
access of the cell’s transcriptional machinery to the DNA. In the condensed
chromatin state (heterochromatin), in which the DNA and histone proteins are
tightly packed, the access to DNA of transcription factors and other co-factors is
blocked, repressing transcription. Conversely, an open chromatin state
(euchromatin) allows the transcriptional machinery to access DNA and drive

transcription (Grewal and Jia, 2007).
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Figure 1.5. Scheme of chromatin structure. Figure adapted from Felsenfeld
and Groudine (2003). The nucleosome is the most building unit of chromatin
organisation. The “beads on a string” structure folds into a fibre 30nm in

diameter, which then folds in to higher-order chromatin structures.
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1.2.2.3. Non-coding RNA

Small non-coding RNAs (ncRNA) can take several forms, namely small
interfering RNAs (siRNA), small temporal RNAs (stRNA), small nuclear RNAs
(snRNASs), small nucleolar RNAs (snoRNAs), piwi-interacting RNAs (piRNA)
and microRNAs (miRNAs) (Barry, 2014, Mattick and Makunin, 2006). Small
NcRNAs are present in all life kihngdoms and play diverse roles in regulating
gene expression, epigenetic processes and defence against viruses (Finnegan
and Matzke, 2003). Long noncoding RNAs (IncRNAs) appeared later in
evolution and are present in invertebrates, vertebrates and plants and are
particularly enriched in the cell nucleus. LncRNA forms are highly specific to
each cell type and maintain certain features seen in coding RNAs, like promoter
regions and intro-exon boundaries (Barry, 2014). The function of these long
RNAs is still subject to debate, but they appear to play a role in chromatin
regulation and shaping nuclear organization (Quinodoz et al., 2014) and have
been implicated in neuronal differentiation and brain development and evolution
(Lv et al., 2015, Ng and Stanton, 2013, Qureshi and Mehler, 2012).

1.2.2.4. Interaction of different epigenetic mechanisms and

gene expression regulation

The epigenetic landscape of a given cell and the associated gene expression
profile are established during development and maintained down the cell
lineage through complex interactions that involve transcription factors,
chromatin regulators, histone modifications, DNA modifications and ncRNA.
Examples of interaction between DNA methylation and histone modifications
include recruitment of histone deacetylases (HDACs) by DMNTs and methyl-
CpG binding protein 2 (MECP2) (Nan et al., 1998, Saha and Pahan, 2006, Fuks
et al., 2000, Fuks et al., 2001, Bachman et al., 2001). ncRNAs have also been
found to interact with specific histone modifications (Dinger et al., 2008) and can

function as modular scaffolds for histone modifying enzymes (Tsai et al., 2010).

However, the full extent of interactions between different epigenetic
mechanisms to regulate gene expression in mammals remain largely poorly
understood (Bernstein et al., 2010). One of the reasons is because the different
epigenetic modifications discussed in sections 1.2.2.1 to 1.2.2.3 are frequently

studied in isolation, although recent international efforts have started annotating
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combinatorial epigenomic signatures across the genome in a diverse range of
cell types. The National Institutes of Health (NIH) Roadmap Epigenomics
Consortium has set out to extensively examine these mechanisms in an
integrative analysis of reference epigenomes and transcriptomes of over 100
human tissue types and provide a publicly accessible resource of epigenomic
maps in stem cells and primary ex vivo tissues (Bernstein et al.,, 2010,
Romanoski et al., 2015, Roadmap Epigenomics Consortium et al.,, 2015)
(Figure 1.6).
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Figure 1.6. Epigenomic information across tissues and marks profiled in
the NIH Roadmap Epigenomics Consortium. Adapted from Roadmap
Epigenomics Consortium et al. (2015). A) Individual marks datasets across all
epigenomes in which they are available; B) Relationship of figure panels
highlights dataset dimensions.
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1.2.2.5. Genetic mediation of the epigenome

Genetic variation has been shown to influence epigenetic modifications at
specific sites across multiple tissues (Kasowski et al., 2013, Kilpinen et al.,
2013, McVicker et al., 2013, Gutierrez-Arcelus et al., 2013) including the brain
(Gibbs et al., 2010, Gamazon et al., 2013). This can occur in two ways; firstly,
alterations in genome sequence may influence the establishment of epigenetic
marks, for example a SNP located within the cytosine or guanine of a CpG site
(a “CpG-SNP”) may potentially remove or introduce that CpG site; secondly,
genetic polymorphisms may alter the epigenetic machinery directly. Genetic
variants associated with changes in DNA methylation levels are denoted
methylation quantitative trait loci (mQTLs). These frequently overlap genetic
variants associated with gene expression changes, which are denoted
expression quantitative trait loci (eQTLs). Therefore, it is possible that genetic
mediation of the methylome provides a link between genetic variation and the
establishment of complex phenotypes (Wagner et al., 2014, Gutierrez-Arcelus
et al., 2013). Recent publications have studied the implication of eQTLs
(Schizophrenia Working Group of the Psychiatric Genomics, 2014, Richards et
al., 2012) and mQTLs (Hannon et al., 2016, Jaffe et al., 2016) in schizophrenia,
providing support for the hypothesis that common variants associated with
schizophrenia may function through influencing gene regulation to affect the

disease phenotype.
1.3. Profiling the methylome

DNA modifications are erased by standard molecular biology approaches,
including polymerase chain reaction (PCR). Therefore, the detection of DNA
methylation requires exposure of the DNA to a methylation sensitive pre-
treatment prior to DNA sequence analysis, of which the most commonly used is
sodium bisulfite conversion (see Chapter 2 section 2.3.1 for details). Whole
genome bisulfite sequencing is considered the gold standard technique to
profile DNA methylation, allowing the coverage of ~28 million CpG sites across
the human genome. However, the high read depth needed to quantify the small
DNA methylation changes that are commonly associated with complex
disorders such as schizophrenia makes it, to this date, economically unfeasible

for studies with large sample sizes (Ziller et al., 2015). The lllumina Infinium

50



HumanMethylation450 BeadChip (lllumina, San Diego, CA, USA; 450K array),
and more recently the Illumina EPIC array, have become popular tools for
screening over 450,000 CpG sites across the human genome (Dedeurwaerder
et al., 2011). This approach represents the best compromise between coverage
and cost, enabling DNA methylation quantification across the genome in a large
number of samples. Furthermore, the widespread use of the 450K array has
driven development of many novel bioinformatic methods and pipelines specific
for this platform (Wilhelm-Benartzi et al., 2013), which has fostered its popularity

and facilitated cross-study comparisons of findings and meta-analyses.

One limitation of standard bisulfite conversion-based approaches is that they do
not distinguish between DNA methylation and other DNA modifications (Booth
et al., 2012). Recent publications have described new methods of quantifying 5-
methylcytosine, 5fC and 5hmC (Booth et al., 2012, Booth et al., 2014, Booth et
al., 2013). Although these methods grant the comparison between levels of the
three modifications in one same sample, they require three times the amount of
screening in parallel. Single, non-modified and non-amplified molecule
sequencing methods promise to overcome some of the problems faced by
bisulfite conversion and amplification-based methods of epigenetic marks
profiling. Single-molecule real-time (SMRT) sequencing allows the direct
sequencing of different DNA modifications (Flusberg et al., 2010). This
sequencing-by-synthesis method distinguishes between the several modified
nucleotides by reading the different durations of fluorescently labelled
nucleotides incorporation. Nanopore sequencing, on the other hand, involves
translocating a single DNA molecule through a protein nanopore and
sequencing it as the molecule passes through the pore, allowing the
identification of different DNA modifications (Laszlo et al., 2013, Li et al., 2013,
Ahmed et al., 2014). However, these single-cell sequencing techniques are
novel and it is not clear how their use will be applicable to large cohorts of

samples.
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1.4. Epigenetic and gene expression studies in schizophrenia

Fully understanding the regulatory genomic changes associated with
schizophrenia will enable researchers to develop molecular assays for
improving clinical prognostic, disease subtyping and drug development.
Schizophrenia is known to have a substantial genetic component, with several
of the most robustly supported schizophrenia susceptibility genes playing
important roles in early brain development (see section 1.1.5). Furthermore,
epidemiological research suggests that prenatal environmental insults are also
important (see section 1.1.5). These observations have led to a growing
interest in the role of developmentally regulated epigenetic variation in the
molecular etiology of schizophrenia (Dempster et al., 2013). The notion that
epigenetic processes are involved in the onset of schizophrenia is supported by
recent methylomic studies of disease-discordant monozygotic twins (Dempster
et al., 2011), clinical sample cohorts (Aberg et al., 2014), and post-mortem brain
tissue (Mill et al., 2008, Pidsley et al., 2014). In the following sections | describe
and discuss epigenomic and transcriptomic research of schizophrenia

developed to date.
1.4.1. Epigenetics of schizophrenia

It is being increasingly recognised that epigenetic dysregulation plays an
important role in human health and disease (Egger et al., 2004). For example,
aberrant promoter hypermethylation and associated with inappropriate gene
silencing are well stablished mechanisms of cancer initiation and progression
(Jones and Baylin, 2002). Furthermore, a growing number of studies provide
evidence for epigenetic dysregulation in several complex psychiatric disorders
(for a review see Labrie et al. (2012)). Although the last decade has witnessed
tremendous advances in our understanding about the genetic basis of
schizophrenia, a large amount of the variance in disease risk remains to be
explained (see section 1.1.3). In this section | discuss the main evidence for
epigenetic dysregulation in schizophrenia. This section is an updated version of
a published review, which | co-authored (Dempster et al., 2013).
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1.4.1.1. Epigenetic studies of schizophrenia using post-

mortem brain tissue

As discussed above, different cell types in the human body express specific
subsets of genes, regulated by cell-specific epigenetic factors including DNA
methylation and histone modifications (Weber et al., 2005, Eckhardt et al.,
2006, Doi et al., 2009). One of the major challenges in studying epigenetic
changes in neuropsychiatric disorders is availability of samples of the primary
target tissue (i.e., the brain). Since it is not possible to perform in vivo epigenetic
studies in the brain, only retrospective study designs using post-mortem brain
samples are viable. These experiments are limited by access to high-quality,
well-phenotyped samples. There are a number of potential confounders that
could influence epigenetic analyses of such samples, including post-mortem
interval, storage time, pH, and cellular heterogeneity (Pidsley and Mill, 2011).
The small number of brain samples available for schizophrenia epigenetic
research means that many investigations are limited in terms of their power to
detect significant associations, especially given the small absolute changes that
are likely to be uncovered and the heterogeneous cellular composition of the
cerebral cortex. Ultimately, given the cell-specific differences identified in
epigenetic gene regulation, it may be optimal to isolate specific cell types (e.g.,
neurons, glia, and astrocytes) from brain tissue via processes such as laser

capture microdissection.

Despite these limitations, in the last few years, researchers have made an effort
to investigate epigenetic dysregulation in the schizophrenia brain. Table 1.3
summarises DNA methylation studies on schizophrenia using post-mortem
brain samples. These studies have primarily focused on only DNA methylation
using small numbers of samples across very specific genomic regions (i.e.,
promoter CpG islands associated with a priori candidate genes). A plethora of
different methodological approaches have been used to interrogate epigenetic
variation. The first studies were marked by little validation of disease-associated
differences using alternative approaches or replication in additional samples.
The most recent DNA methylation studies in schizophrenia have used the
lllumina 450K array or its predecessor, the Illlumina Infinium

HumanMethylation27 BeadChip (lllumina, San Diego, CA, USA) (see section

53



1.3), with larger sample sizes and some effort to replicate (and validate)

schizophrenia-associated differences.

Recently, we published a study that identified several differently methylated
positions (DMP) and regions (DMR) in the PFC of individuals with
schizophrenia. The top schizophrenia-associated DMPs were enriched for CpG
sites that show dynamic DNA methylation changes during neurodevelopment
(Pidsley et al., 2014, Spiers et al., 2015). Additionally, we identified modules of
co-methylated CpG sites enriched for  neuropsychiatric- and
neurodevelopmental-linked genes. In another recent study we identified a
significant enrichment of schizophrenia-associated GWAS variants in fetal brain
mQTLs (Hannon et al.,, 2016). Similarly, Jaffe et al. (2016) identified an
enrichment of DMPs associated with prenatal-postnatal transition in
schizophrenia GWAS regions. Together this evidence supports the hypothesis
that schizophrenia has an important, potentially epigenetic-mediated

neurodevelopmental component (discussed above in section 1.1.5).
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1.4.1.2. Epigenetic studies of schizophrenia using peripheral

tissues

Although understanding epigenetic dysregulation in the brain is crucial,
investigating epigenetic changes in peripheral tissues of schizophrenia patients
may be useful in the context of identifying disease biomarkers. Biomarkers are
biological measures (e.g. molecular, physiological, anatomical measures) that
can predict diagnosis, determine patient-specific aetiology and monitor the
progress of disease. Clinical application of epigenetic biomarkers is close to be
a reality in diseases where genetic regulation mechanisms undergo dramatic
changes, such as cancer (Bock, 2009). Different areas of research such as
transcriptomics, proteomics, immunology and epigenetics have aimed to identify
molecular biomarkers for schizophrenia (Pickard, 2015).

Table 1.4 shows an overview of DNA methylation studies of schizophrenia
using peripheral tissues. Aberg et al. (2014) identified several DMPs associated
with disease using whole blood from a large number of schizophrenia patients
and controls and a replication cohort, implicating genes relevant to neuronal
differentiation, hypoxia and infection pathways. However this study did not
account for cell composition heterogeneity. Recently, another study using whole
blood from a large cohort identified several schizophrenia-associated DMPs
with the Illumina 450K array, but failed to replicate any previously identified
associations (Montano et al., 2016). Despite these advances, so far the different
studies profiing DNA methylation changes in peripheral tissues of
schizophrenia patients have failed to find consistent changes that could be used
as biomarkers for the disease. As in post-mortem brain studies (section
1.4.1.1), we will need larger cohorts to achieve the replicative power needed to
detect suitable biomarkers. Furthermore, these studies can be confounded with
factors such as medication and smoking, which are sometimes difficult to
account for. Before determining a clinical use of potential epigenetic biomarkers
of schizophrenia, we first need to better understand which pathways are
dysregulated in the disorder, as well which mechanisms are targeted by current

antipsychotic medication (see section 1.4.3).
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1.4.2. Transcriptomic variation in schizophrenia

Early gene expression studies of schizophrenia primarily targeted GABAergic
genes that are thought to be involved in the disease (Benes and Berretta,
2001), in particular RELN and GAD67 (Guidotti et al., 2000). Several studies
have reported decreased expression of these genes in post-mortem brain tissue
of schizophrenia patients (Guidotti et al., 2000, Impagnatiello et al., 1998). In
the last decade, several gene expression studies using microarrays have
implicated immune and inflammatory, neurodevelopment and
neurotransmission pathways in schizophrenia-associated transcriptomic
abnormalities in the brain (Bowden et al., 2008, Narayan et al., 2008, Maycox et
al., 2009, Torkamani et al., 2010, Schmitt et al., 2011). For a comprehensive
review of gene expression analysis in schizophrenia using microarray

technology see Kumarasinghe et al. (2012).

The advances in RNA sequencing (RNA-seq) techniques and analysis pipelines
provide an opportunity to characterise the full extent of transcriptomic
dysregulation in disease (Ozsolak and Milos, 2011). Table 1.5 summarises the
most recent transcriptomic studies in schizophrenia and their findings. It is
notable that, despite general lack of replication of previous microarray findings,
these novel studies largely implicate neurodevelopmental processes,
inflammation and synaptic trafficking as the main pathways associated with

schizophrenia.
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1.4.3. Antipsychotic medication and the implications of

epigenetic studies

Before the 1950s the treatment for schizophrenia consisted of electroconvulsive
therapy. The first generation antipsychotics (FGAs) were discovered in the
1950s and the second generation antipsychotics (SGAs) were developed in the
1970s. The SGAs, contrary to FGAs, are less likely to cause extrapyramidal
symptoms such as Parkinson-like movements (for a review on antipsychotic
drugs see Miyamoto et al. (2005)). However, they introduced a new range of
side-effects, such as weight gain and metabolic side effects (Hert et al., 2009).
About 20% of the patients are resistant to current antipsychotic drugs and 40 to
70% of patients treated with clozapine (a commonly used antipsychotic drug)
show an inadequate response (Bosia et al., 2015). Furthermore, most
antipsychotic drugs act on reversing the symptoms rather than prevent the
development of molecular dysfunction that underlies the disorder. They have
poor effect on cognitive impairment and are not an efficient therapeutic of long
term disability. Furthermore, even when effective, the molecular mechanism of
action of several of these drugs remains elusive (Miyamoto et al., 2005) and
understanding this would inform us about molecular pathways involved in

schizophrenia itself.

Several studies have offered evidence that antipsychotic drugs might act
through changes in epigenetic processes. The majority of the commonly used
antipsychotics target serotonin and dopamine receptors and have been shown
to induce changes in histone marks or DNA methylation, particularly in
promoters of genes involved in GABAergic mechanisms (for a review of
epigenetic effects of antipsychotic drugs see Bosia et al. (2015)). Figure 1.7
summarises the epigenetic changes induced by a number of commonly-used
antipsychotic medications (Boks et al., 2012). Assessing the effects of
antipsychotic medication on epigenetic modifications in the brain is currently
very difficult to achieve because most samples have poorly described
medication information. Furthermore, even when this information is available is
often impossible to distinguish between medication intake and disease status as
all schizophrenia patients are usually prescribed some type of antipsychotic
medication during their lifetime. The ideal study design would be to

longitudinally assess DNA methylation changes in the brain during an

62



individuals’ transition into disease, although such a study is clearly unfeasible at
present. My current work is aiming to explore these mechanisms using animal

models and will be the focus of my initial postdoctoral studies.
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Figure 1.7. Influence of neuropsychiatric drugs on the epigenome. Image
taken from Boks et al. (2012).

1.5. Klinefelter syndrome

As part of our first integrated “-omics” study of schizophrenia (Pidsley et al.,
2014), we examined genome-wide patterns of DNA methylation, gene
expression, and genetic variation in post-mortem CER and PFC brain tissue
samples from schizophrenia patients and controls. During quality control steps
on these data we identified an individual as having a Klinefelter syndrome (KS;
47,XXY karyotype). Klinefelter syndrome is the most common sex chromosome
disorder, affecting approximately 1 in 400 to 800 men (van Rijn et al., 2006). Of
note, comorbidity of schizophrenia-spectrum pathology have been reported in
individuals with KS (van Rijn et al., 2006). For this reason, | decided to explore
genomic variation in KS as part of my PhD; Chapter 7 describes the first study
to examine genome-wide patterns of DNA methylation and gene expression in

two regions of the brain obtained post-mortem from a patient with a 47,XXY
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karyotype. We identified widespread tissue-specific epigenomic and
transcriptomic alterations, providing potential clues about the molecular
consequences of KS. Further details on the clinical manifestation and evidence

for epigenomic dysregulation in KS can be found in Chapter 7.

1.6. General aims of my thesis

Increased understanding about the functional complexity of the genome has led
to growing recognition about the role of epigenetic variation in the aetiology of
schizophrenia. Epigenetic processes act to dynamically control gene expression
and are known to regulate key neurobiological and cognitive processes in the
brain. Furthermore, mounting evidence suggests that genetic mediation of
epigenetic processes and gene regulation may play a role in disease etiology.
To date, our knowledge about dysregulation of transcriptomic and epigenomic
mechanisms in the schizophrenia brain is limited and based on analyses of
small numbers of samples obtained from a range of different cell and tissue
types. The general aim of this thesis was to further our knowledge about the

extent of methylomic and transcriptomic variation in the schizophrenia brain.

e In the first empirical chapter (Chapter 3) | aim to systematically
investigate genome-wide methylomic variation associated with schizophrenia in
four different brain regions; PFC, STR, HC and CER. The analyses were
performed in a unique collection of two post-mortem brain cohorts using the
lllumina 450K array. | identified multiple disease-associated DMPs and DMRSs,

many residing in the vicinity of genes previously implicated in schizophrenia.

e In the second empirical chapter (Chapter 4) | investigate DNA
methylation variation associated with increased polygenic burden for
schizophrenia. | identified multiple schizophrenia PRS-associated DMPs and
DMRs in the PFC, STR, HC and CER, as well as associations across different
brain regions. This study highlights the utility of PRS for identifying molecular

pathways associated with etiological variation in complex disease.

e In the third empirical chapter (Chapter 5) | utilise a systems-level
approach to explore the correlation structure of the schizophrenia methylome in
each of the brain regions. This chapter describes my exploration of weighted

gene network analysis and its application to DNA methylation data. | identified
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several modules of co-methylated probes associated with schizophrenia in the
PFC. Furthermore, | provide evidence that supports a neurodevelopmental
origin of schizophrenia.

¢ In the fourth empirical chapter (Chapter 6) | profiled the transcriptome of
the PFC of schizophrenia patients and controls using RNA-seq. In this chapter |
describe the stringent quality control and analyses methods using to handle this
dataset. | identified several differentially expressed genes associated with
schizophrenia and provide evidence of schizophrenia-associated methylomic
variation overlapping some of these genes.

e In the fifth empirical chapter (Chapter 7) | present the first study to
examine genome-wide patterns of DNA methylation and gene expression in two
regions of the post-mortem brain obtained from a patient with a 47,XXY
karyotype. This chapter is presented in the format of a peered-review
publication (Viana et al., 2014).

Figure 1.8 describes the integration of the schizophrenia-relevant Chapters 3
to 6.
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Chapter 2 - Materials and Methods

In this chapter | describe the general materials and methods used throughout
my thesis in multiple chapters. Detailed descriptions of individual sample
cohorts and methods specific to each analysis section are given in each of the

empirical chapters
2.1. Human sample cohorts

| used tissue from the MRC London Neurodegenerative Diseases Brain Bank
(LNDBB), Douglas-Bell Canada Brain Bank (DBCBB) and Edinburgh Brain and
Tissue Banks (EBTB) to study genomic variation associated with schizophrenia.
Each cohort comprises of multiple brain regions from schizophrenia patients
and non-psychiatric controls. The use of these samples in the research
presented in my thesis was approved by the University of Exeter Medical
School Research Ethics Committee (reference number 13/02/009). Detailed
information of each sample cohort is given in Chapter 3 section 3.2.1. Detailed
information on the specific subset of samples used for individual analyses is

given in each chapter.
2.2. Nucleic acid extraction

In this section | describe the methods used throughout my thesis to isolate
nucleic acids (i.e. genomic DNA and total RNA) from tissue samples dissected
from human brain tissue. All plastic-ware used during these procedures was
sterile and RNase-free. Before starting experimental procedures, all the
surfaces and materials were cleaned using ethanol and/or RNaseZap (Thermo
Fisher Scientific, Waltham, MA, United States of America (USA)) to remove
RNases present and avoid RNA degradation. Table 2.1 describes the specific

nucleic acid extraction methods used in each chapter.

Table 2.1. Nucleic acid extraction methods used in this thesis.

Nucleic

Chapters Human brain regions acid Extraction method Protocol
3,4&5 Pfefrontal cortex, striatum, DNA Phenol-chloroform section 2.2.1
hippocampus, cerebellum
miRNeasy Mini Kit
6 Prefrontal cortex RNA (Qiagen, Venlo, section 2.2.2
Holland)
7 Prefrontal cortex, DNA Phenol-chloroform section 2.2.1

ceberellum
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2.2.1. Genomic DNA isolation using phenol-chloroform

This section describes the isolation of genomic DNA from post-mortem human
brain tissue. Figure 2.1 shows an overview of the experimental procedure.
~50mg of frozen human brain tissue was excised from each sample using a
sterile scalpel blade on a petri dish over dry ice and transferred to a sterile
1.5ml microcentrifuge tube. The tissue was homogenised in 500yl of lysis buffer
(75mM NaCl, 10Mm TRIS-CI pH=8, 0.1M EDTA pH=8, 0.5% SDS) using a
DNAse free, sterile plastic pestle. 1ul of DNase free RNase-A. 5ul of proteinase
K (20mg/ml) (Thermo Fisher Scientific, Waltham, MA, USA) was added and the
samples incubated in a water bath at 50°C overnight. After overnight incubation
the samples were transferred to a water bath at 65°C for 20 minutes to

deactivate the proteinase K, and then cooled to room temperature.

Phase-lock tubes were prepared in advance by adding a small amount of high
vacuum grease (Dow Corning, Midland, Michigan (MI), USA) to a 2ml
microcentrifuge tube and centrifuging for 5 minutes. The samples were
transferred to these tubes and 500ul of phenol:chloroform:isoamyl alcohol
(Thermo Fisher Scientific, Waltham, MA, USA) was added. The samples were
mixed by inverting the tubes ~20 times and centrifuged at 13,000 rpm for 20
minutes. The upper layer of each sample was transferred to a new tube. 500yl
of chloroform (Sigma-Aldrich Corporation, St. Louis, MO, USA) were added and
the samples centrifuged at 13,000 rpm for 15 minutes. The upper layer was
transferred to a new tube, another 500ul of chloroform added, and the samples
centrifuged again at 13,000 rpm for 15 minutes. The upper layer was
transferred with a pipette into new tubes. 1ml of cooled 100% ethanol (Sigma-
Aldrich Corporation, St. Louis, MO, USA) was added and the samples slowly
mixed by inverting to precipitate the DNA. The samples were centrifuged at
13,000 rpm for 15 minutes and the supernatant removed carefully and
discarded. 500ul of 70% ethanol were added and the samples centrifuged at
13,000 rpm for 5 minutes. The supernatant was removed and the samples were
left to air dry for 30 minutes or until dry. The DNA was resuspended in 100yl of
1M Tris-HCI (pH=7) buffer and left in a water bath at 37°C overnight to fully

dissolve.
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Figure 2.1. Overview of the genomic DNA extraction experimental

procedure.
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2.2.2. Total RNA isolation from post-mortem human brain tissue

This section describes the isolation of total RNA from post-mortem human brain
tissue. Total RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo,
Holland). Figure 2.2 shows an overview of the experimental procedure (taken
from the miRNeasy Mini Kit Handbook (Qiagen, 2014)). All the reagents are
provided with the kit unless otherwise stated. Before starting, the lysophilised
RNase-Free DNase | (Qiagen, Venlo, Holland) was prepared by adding 550pl of
RNAse-free water, and 100% ethanol (Sigma-Aldrich Corporation, St. Louis,
MO, USA) was added to the RPE and RWT buffers as indicated in the

manufacturer instructions.

~30mg of frozen human brain tissue was excised from each sample using a
sterile scalpel blade on a petri dish over dry ice and transferred into a sterile
1.5ml microcentrifuge tube. The tissue was homogenised in 350ul of QIAzol and
using an RNase free, sterile plastic pestle. Another 350pul of QIAzol were added
to each tube. The total 700ul of lysate were transferred into a QIlAshredder
column (Qiagen, Venlo, Holland) and centrifuged at 13,000rpm for 2 minutes.
The samples were transferred to new microcentrifuge tubes and incubated at
room temperature for 5 minutes. 140ul of chloroform (Sigma-Aldrich
Corporation, St. Louis, MO, USA) was added and the samples mixed by
shaking for 15 seconds. The samples were again incubated at room
temperature for 2 minutes and then centrifuged at 13,000rpm at 4°C for 15

minutes.

The upper layer of each sample was transferred to a new microcentrifuge tube
and 525pul of 100% ethanol added and mixed by pipetting. The samples were
transferred to RNeasy Mini spin columns, centrifuged at 10,000rpm for 15
seconds and the flow-through discarded. 350ul of RWT buffer were added to
each column, the samples were centrifuged at 10,000rpm for 15 seconds and
the flow-through discarded. For each sample, 10ul of DNase | solution was
added to 70ul of RDD buffer | (Qiagen, Venlo, Holland). 80ul of this solution
was added to the centre of each column and the samples incubated at room
temperature for 15 minutes. After incubation, 350ul of RWT buffer were added
to each column, the samples were centrifuged at 10,000rpm for 15 seconds and

the flow-through discarded. 500ul of RPE buffer were added to each column,
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the samples were centrifuged at 10,000rpm for 15 seconds and the flow-
through discarded. Another 500ul of RPE buffer were added to each column,
the samples were centrifuged at 10,000rpm for 2 minutes and the flow-through
discarded. The columns were placed in new collection tubes and centrifuged at
13,000rpm for 1 minute to dry. The columns were placed in the microcentrifuge
tubes. 15l of RNAse-free water were added to the centre of each column and
the samples centrifuged at 10,000rpm for 1 minute to elute the RNA. Another
15ul of RNAse-free water were added to the centre of each column and the

samples centrifuged at 10,000rpm for 1 minute to elute the remaining RNA.
2.2.3. Total RNA clean-up

From each of the total RNA samples isolated as described in section 2.2.2,
10ul were purified using the RNeasy MinElute Cleanup Kit (Qiagen, Venlo,
Holland). Figure 2.3 shows an overview of the experimental procedure (taken
from the RNeasy MinElute Cleanup Kit Handbook (Qiagen, 2010)). All the
reagents are provided with the kit unless otherwise stated. Before starting 100%
ethanol (Sigma-Aldrich Corporation, St. Louis, MO, USA) was added to the RPE
buffer as indicated in the manufacturer instructions. 80% ethanol was prepared
using RNase-free water and 10pl of B-Mercaptoethanol (Sigma-Aldrich
Corporation, St. Louis, MO, USA) was added per each 1ml of RLT buffer.

90ul of RNAse-free water was added to 10ul of each RNA sample. 350ul of RLT
buffer were added to each sample and mixed by pipetting, followed by 250ul of
100% ethanol (Sigma-Aldrich Corporation, St. Louis, MO, USA). The samples
were transferred to an RNeasy MinElute spin columns, centrifuged at 10,000
rpom for 15 seconds and the flow-through discarded. The columns were placed
into new tubes and 500ul of RPE buffer added to each. The samples were
centrifuged at 10,000 rpm for 15 seconds and the flow-through discarded. 500yl
of 80% ethanol were added, the columns centrifuged at 10,000rpm for 2
minutes and the flow-through discarded. The columns were placed in new
tubes, the lids opened and centrifuged for at 13,000 rpm for 5 minutes. The
tubes were rotated 180° from their previous position in the centrifuge and then
spun again at 13,000rpm for 1 minute. The columns were then placed in new
centrifuge tubes, 14ul of RNAse-free water were added to the centre of the

column and the samples centrifuged at 13,000rpm for 1 minute
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Figure 2.2. Overview of the total RNA extraction experimental procedure.
Figure taken from the miRNeasy Mini Kit Handbook (Qiagen, 2014).
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Figure 2.3. Overview of the RNA clean-up experimental procedure. Figure
taken from the RNeasy MinElute Cleanup Kit Handbook (Qiagen, 2010).



2.2.4. Determining the quality and quantity of isolated nucleic

acids

After extraction, DNA and RNA samples were quantified and checked for purity
by spectrophotometry using a Nanodrop ND-8000 (Thermo Fisher Scientific,
MA, USA). Nucleic acids absorb UV light at a wavelength of 260nm, whereas
proteins absorb UV light at a wavelength of 280nm and other compounds such
as ethylenediamine tetraacetic acid (EDTA), carbohydrates and phenol, at a
wavelength of ~230nm. Therefore, the absorbency rations of 260/280 and
260/280 indicate the presence of protein and other contaminants in the DNA
and RNA samples. A 260/280 ratio of ~1.8 (for DNA) and ~2.0 (for RNA), and a
260/230 ratio between 1.8 and 2.2 is indicative of high purity sample. Figure 2.4
shows an example of a typical nucleic acid nhanodrop profile.
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Figure 2.4. A typical nucleic acid sample will have a very characteristic

profile.

The purity and integrity of RNA samples was further assessed using an Agilent
2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, USA) in
conjunction with the Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa
Clara, CA, USA). The Bioanalyzer uses a fluorescent dye that binds to RNA on
a gel electrophoresis chip. The Agilent Bioanalyzer software analyses the
resulting electrophoresis gel and calculates an RNA integrity number (RIN), that
can range between 1 (suggesting the RNA is highly degraded) and 10
(indicating the RNA has perfect integrity). Figure 2.5 shows an
electropherogram detailing the regions that are indicative of RNA quality (taken
from Muelle et al. (2004)). Figures 2.6 and 2.7 show the Bioanalyzer gel
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electrophoresis images and electropherogram of RNA samples that were
degraded for different periods of time, respectively (taken from Muelle et al.
(2004)). Examples of good and poor quality RNA samples from the post-mortem

brain tissues used in my work can be seen in example traces in Figure 2.8.

4 ~
= . Inter Region j 285 Fragment
Pre Region 18S Fragment
4.0 4
Marker
35 4
3.0 4
3]
E 2.5 - Fast Region Precursor Region
= 2.0 4 55 Region
—
[

1.5 4 Post Region

R L}“J \/‘_f/ l
0.0

I I I 1 ] | I | ] 1
19 24 29 34 39 44 49 54 59 64 69

Time (seconds)

o _
Figure 2.5. Electropherogram detailing the regions that are indicative of

1.0 4

RNA quality. Figure and legend taken from the RNA Integrity Number (RIN) —
Standardization of RNA Quality Control guide, Agilent Technologies (Muelle et
al., 2004).

N J

Figure 2.6. A total RNA sample was degraded for varying times and the
resulting samples were analyzed on the Agilent 2100 Bioanalyzer System
using the Eukaryote Total RNA Nano assay. A shift towards shorter fragment
sizes (left to right) can be observed with progressing degradation. Figure taken
and legend adapted from the RNA Integrity Number (RIN) — Standardization of
RNA Quality Control guide, Agilent Technologies (Muelle et al., 2004).
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Figure 2.7. Electropherograms from samples ranging from intact (RNA
Integrity Number (RIN) = 10), to degraded (RIN = 2). Figure taken and legend
adapted from the RNA Integrity Number (RIN) — Standardization of RNA Quality
Control guide, Agilent Technologies (Muelle et al., 2004).
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Figure 2.8. Bioanalyzer electropherograms and gel eleptrophoresis
images from a good quality (A) and a degraded sample (B). Shown are the
bioanalyzer results for the prefrontal cortex sample MS20 from the Douglas-Bell
Canada Brain Bank with a RIN=8 (A; good quality) and the prefrontal cortex
sample 50 from the MRC London Neurodegenerative Diseases Brain Bank with
a RIN=2.6 (B; highly degraded).
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RNA samples were run on the Bioanalyzer before and after clean-up (Figure
2.9) (see Section 2.2.3), in general confirming that the clean-up procedure
improved the quality of the samples by removing heavily degraded RNA
molecules. Final RIN numbers ranged between 1.9 and 8.3. The samples were
characterized by relatively low RIN numbers, which is expected from post-
mortem brain tissue that has variable post-mortem interval before dissection,
and which has been stored for several decades and potentially subjected to
several freeze-thaw cycles (Pidsley and Mill, 2011). The post-mortem human
brain samples were prioritized for RNA sequencing based on RIN and
concentration and the final cohort of samples used in the sequencing
experiment had RIN numbers ranging between 4.2 and 8.3. The detailed quality

and quantity information for each sample is further described in Chapter 6

section 6.2.1.

Figure 2.9. Bioanalyzer electropherograms and gel eleptrophoresis
images from a sample which was successfully rescued in the clean-up
process (see section 2.2.3). Shown are the bioanalyzer results for the
prefrontal cortex sample 33 from the MRC London Neurodegenerative Diseases
Brain Bank before (A; RIN= 2.4) and after (B; RIN =7.8) clean-up.
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2.3. DNA methylation profiling

The mostly common used sequencing technologies are unable to distinguish
between methylated and unmethylated cytosine residues due to their similar
base-pairing characteristics. Sodium bisulfite (NaHSO3) treatment of DNA
molecules enables quantification of this modification through the deamination of
non-methylated cytosines to uracil, which is then replaced by thymine during
downstream procedures such as polymerase chain reaction (PCR). Methylated
cytosines are protected from deamination, remaining as cytosines (Wang et al.,
1980, Paul and Clark, 1996). Figure 2.10 taken from the New England Biolabs
(Ipswich, MA, USA) webpage (New England Biolabs, 2016) summarises the
sodium bisulfite conversion process. A range of technologies can be
subsequently used to quantify DNA methylation through comparison of
expected and observed DNA sequences (Frommer et al., 1992). In this section |
describe sodium bisulfite conversion followed by the different methods | utilised

to profile DNA methylation across the research undertaken in this thesis.

Step 1 Step 2 Step 3
Denaturation Conversion Desulphonation
Incubation at 95°C Incubation with sodium bisulfite Incubation at high pH
fragments genomic DNA at 65°C and low pH (5-6) at room temperature for 15 min
deaminates cytosine residues removes the sulfite moeity,
in fragmented DNA generating uracil
NH, NH,
Fragmented N z NaHSO,, pH 5.0 N =z & ” O, - NH, OH
Genomic DNA ——~ | —_—
Samples + Nak ISO
(0] N (0] N SOzNa SO4Na
H H
Cytosine Ur acil
NH,
Hy
NaHSO,, pH 5.0
; E 5-mC and 5-hmC (not shown) are not susceptible
)\ to bisulfite conversion and remain intact
M(tmk‘,tmuu (5-mC)

Figure 2.10. DNA sodium bisulfite treatment. Taken from New England
Biolabs (Ipswich, MA, USA) webpage (New England Biolabs, 2016).
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2.3.1. Sodium bisulfite conversion

Genomic human DNA was treated with sodium bisulfite using the EZ DNA
Methylation-Gold Kit (Zymo Research, Irvine, CA, USA), according to
manufacturer’s instructions. Figure 2.11 shows an overview of the experimental
procedure (taken from Zymo Research webpage (2016). Sodium bisulfite
treated DNA was aliquotted and stored at -80°C until use in methylomic

profiling.

Input DNA

!

Denature DNA

l Incubate

Bisulfite Conversion
2.5hrs

l Incubate

Incolumn Desulfonation

|
Elute

Bisulfite-treated DNA Ready for Analysis

Figure 2.11. Overview of the sodium bisulfite treatment experimental

procedure. Figure taken from Zymo Research webpage (2016).
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2.3.2. Infinium HumanMethylation450 BeadChip

Following sodium bisulfite conversion, the human DNA samples used in this
thesis were profiled using the Infinium HumanMethylation450 BeadChip
(Illumina 450K array), scanned on an iScan Microarray Scanner (lllumina, San
Diego, CA, USA) according to the manufacturer’s instructions. The lllumina
450K array enables the quantification of DNA methylation levels at 485,577
CpG sites, covering 99% of RefSeq genes. The array also covers important
regulatory regions such as CpG islands (96% covered), island shores and
shelfs, 5" and 3' UTRs, and promoters and gene bodies (Bibikova et al., 2011).
The array uses two different types of chemistry, termed Infinium | and Infinium II
probes. The first incorporates one of two probe types per CpG site with the
same dye colour, one for the methylated (M) and the other for the unmethylated
(U) state. The type | probe design is based on the assumption that the
methylation status of CpG sites within 50bp are correlated with the query CpG
(lumina, 2015). This could be a source of bias when CpGs underlying the

probe are not co-methylated with the query site.

The Infinium Il probes use a single bead type with the DNA methylation state
determined at the single base extension step after hybridization by two different
dye colours (green for methylated sites and red for unmethylated sites). This
design includes the addition of a degenerate R [A/G] base at underlying CpG
sites, and therefore is less influenced by co-methylation patterns across nearby
CpG sites.

2.3.2.1. Infinium HumanMethylation450 BeadChip data

analysis

The DNA methylation level at each CpG site is determined by calculating the
ratio of the intensity of the fluorescent signal for M (methylated) and U
(unmethylated), which gives a B (DNA methylation) value for each site ranging
from O (i.e. all cytosines at that site are unmethylated) to 1 (i.e. all cytosines at
that site are methylated). The B value is calculated by the following equation:

_ Intensity M
p= Intensity M + Intensity U + 100

The lllumina 450K array has become one of the most popular methodologies to

assess genome-wide DNA methylation in recent years. Considerable efforts
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have been put into understanding the advantages and pitfalls of the technology.
One of the disadvantages of using two types of probes is that they perform
differently (Dedeurwaerder et al., 2011). For example, Infinium Il probes are
less accurate at detecting extreme levels of DNA methylation and present a
larger variation across replicates than Infinium | probes. This realization led to
the development of several normalisation methods and an ongoing debate
about which analysis method is most suitable (Wang et al., 2015). Our research
group has developed the wateRmelon package in R (Pidsley et al., 2013) which
offers a range of normalisation function and tools that were used to pre-process
and normalise the DNA methylation data presented in this thesis. Details on
pre-processing and normalisation steps used in the DNA methylation datasets

are described in Chapter 3 sections 3.2.2 and 3.2.3.

An additional issue is the presence of SNP variation within close proximity (10
base pairs (bp)) of the query CpG site. The DNA methylation data at these sites
might be confounded by the polymorphism in the underlying genetic sequence
(Chen et al., 2013, Price et al., 2013). Additionally, 6-8% of the probes in the
array were found to cross-hybridise with other locations in the genome, not
accurately estimating the DNA methylation levels at the annotated site (Chen et
al., 2013, Price et al., 2013). Given these issues, two different research groups
have developed additional annotation for the Illumina 450K array that allows the
exclusion of cross-reactive and polymorphic probes from analysis. Details on
the probe exclusion criteria and final number of probes included in the various
analyses are present in Chapter 3 section 3.2.3.

A big confounder in epigenetic studies is the diverse (and variable) cell
composition of different tissues or different samples (Jaffe and Irizarry, 2014).
Even when working within the same brain region, different samples will have a
different composition of neurons and other brain cells. Over recent years,
researchers in the field have become increasingly more aware of the need to
control for such differences. In 2013, our collaborators Guintivano and co-
workers developed an algorithm to estimate neuronal composition from Illumina
450k human brain data (Guintivano et al.,, 2013). They identified cell
epigenotype specific (CETS) markers based on DNA methylation differences
between fluorescence-activated cell sorted (FACS) neuronal and non-neuronal

nuclei. Using 10,000 CETS markers, they then developed and tested a method
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to quantify the proportions of neurons and non-neurons as a proxy for cellular
proportions. | used this approach to estimate neuronal to glia proportions in my
datasets (and incorporated these estimates as covariates in subsequent
analyses to control for cell composition differences across different samples
with the exception of the cerebellum — see Chapter 3 section 3.2.5). The
details on neuronal proportion estimates are presented in Chapter 3 section
3.2.4.

2.3.3. Bisulfite-PCR-pyrosequencing

In this thesis | used bisulfite-PCR-pyrosequencing to quantify DNA methylation
across targeted regions and specific genomic regions identified using the 450K
array (see section 2.3.2). The first step of this process is to treat the genomic
DNA using sodium bisulfite (see section 2.3.1), followed by PCR to amplify
specific target regions and pyrosequencing to quantify site-specific levels of
DNA methylation.

2.3.3.1. Polymerase chain reaction

PCR is a method used to amplify a segment of DNA to generate thousands to
millions copies of the same segment. These components are combined
together and subject to cycles of heating and cooling in a thermocycler. During
the first PCR step the mix is heated to a high temperature to activate the heat-

sensitive polymerase tag. This is followed by three steps:

1) A denaturation step, where the mix is heated to 95°C to denature the
double-stranded DNA;

2) An annealing step where the mix is cooled to a primer-specific
temperature (usually between 50°C and 65°C) to allow the primers to
anneal with high specificity to the correct annealing sequence in the
DNA;

3) An elongation step at 72°C to allow the tag polymerase to synthetize the
complementary strand of DNA using the deoxynucleotides (dNTPs).

These three steps are repeated for a number of cycles to allow the synthesis of
an exponential number of DNA amplicons. The final number of amplicons will
be 2", where n is the number of cycles. A final step at 72°C is added to allow a

final extension.
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Bisulfite-PCR uses bisulfite-converted genomic DNA as the reaction template
(see section 2.3.1), which presents more of a challenge than using standard
unconverted genomic DNA (Neumann, 2007) for a several reasons : i) extended
sodium bisulfite incubations can lead to extensive damage to the DNA template;
i) bisulfite treatment leads to reduced sequence complexity (the DNA largely
comprises three bases rather than four), leading to a higher redundancy of the
target sequence; and iii) regions of interest often lie within CG-rich sequences,
which become long stretches of thymines following bisulfite conversion, which
can cause polymerase slippage. Together these consequences of sodium
bisulfite treatment give a higher chance of mispriming and non-specific PCR
amplification. This issue can be addressed with careful primer design, using the
following criteria which are widely reported to be optimal for successful bisulfite-
PCR:

1) Primers should not contain any CpG sites within their sequence to
avoid discrimination between methylated or unmethylated DNA.

2) Primers should not be placed in a repetitive region.

3) Primers should contain non-CpG cytosines within their sequence to

ensure exclusive amplification of bisulfite-converted DNA.

4) Primer length should be at least 20 bases long, to prevent non-specific

amplification.

The cycling conditions, primer sequences and PCR reagents used in this thesis
are presented in Chapter 3 section 3.2.10. The reagents used in the PCR
reactions in this thesis, together with their description and quantities in a
standard PCR reaction, are described in Table 2.2. Table 2.3 describes the

standard thermocycling conditions of a PCR reaction.

83



Table 2.2. Polymerase chain reaction (PCR) reagents and quantities used

in this thesis.
Component Function PCR reagent Quantity
(concentration) ()
Single-stranded sodium bisulfite iggl/uerpteb(;sgmt:
Genomic DNA converted genomic DNA provides the : 2
: (see section
template for the PCR reaction 2.3.1) (10ng/ul)
. Short, single-stranded oligonucleotides Forward and
DNA primers reverse primer 2
complementary to the target sequence mix (10uM)
. Nucleotide bases required for the
DNA nucleotides sythesis of new DNA strands dNTPs (2.5mM) 0.4
Heat-resistant enzyme that extends .I%I ggs(;yl;?érségg
Taq DNA polymerase primers to synthesize new DNA strands (5 units/l) 0.15
complementary to the target sequence (Qiagen, Venlo
using DNA nucleotides F?ollénd) '
PCR buffer Buffer that maintains optimal pH for 10 x PCR buffer 2
PCR reaction
Magnesium Chloride Required for Taq [_)NA polymerase MgCI2 (25mM) 04
(MgCly) function
Rnasecvz?sfe free Ensures consistent reaction volume \\l/\(/)ﬁ?;éoo?ggﬂ 13.05

Table 2.3. Standard polymerase chain reaction thermocycling conditions.

Step

Function

Temperature

CC)

Time

1. Initiation

DNA mix is heated to activate the
Tag. Hot-start Taq reduces
mispriming and primer-dimer
formation

95

15 minutes

2. Denaturation

High temperatures denature the
double stranded DNA into single
stranded DNA

20

95 seconds

3. Annealing

Lower temperatures allow the
primers to anneal. Annealing
temperature is selected carefully -
too high and the primers are
unable to anneal, too low and non-
specific amplification occurs.

30

50 - 65
seconds

20-40
cycles

4. Extension

Taq DNA polymerase uses dNTPs
to build the complementary DNA
strand

72 1 minute

5. Final extension

Remaining single stranded DNA is
fully extended

72

3 minutes

6. Finish

Products are kept at low
temperatures
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2.3.3.2. Agarose gel electrophoresis

Agarose gel electrophoresis is a commonly used technique for the separation of
DNA molecules based on their size. It is most commonly used to assess the
quality and quantity of DNA and determining the success of molecular biology
techniques such as PCR amplification. An agarose gel is a three-dimensional
matrix containing pores through which molecules can pass. The gel is obtained
by melting agarose powder at a concentration that can typically range from 0.8
to 1.0%, in tris-borate EDTA (TBE) buffer. The concentration of agarose
influences the size of the pores in the matrix; therefore the concentration of
agarose selected is dependent on the size of molecule to be separated. After
addition of a DNA sample to the gel matrix, an electrical charge is applied
across it, causing the negatively charged DNA to migrate towards the positive
terminal, at a speed determined by the DNA fragment size. Smaller molecules
are able to move through the matrix faster, and move further through the gel.
The separated DNA is then viewed using a stain, most commonly ethidium
bromide, which intercalates into the DNA structure allowing it to be visualised
under UV light. The UV light is absorbed by the ethidium bromide and re-
emitted as visible light, allowing the fragments the DNA to be observed. In this
thesis, agarose gel electrophoresis was used for the inspection of PCR
products (see section 2.3.3.1) using a 1.5% gel. Figure 2.12 shows an

example of an agarose gel used to inspect PCR amplification products.
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Figure 2.12. Example of an agarose gel used to inspect polymerase chain
reaction (PCR) amplification products. All samples amplified successfully

during PCR except for sample 3. L, 1,000bp ladder, W, water (negative control).

2.3.3.3. Bisulfite-pyrosequencing

Pyrosequencing is a highly-sensitive ‘sequencing-by-synthesis’ technique often
used to quantify DNA methylation at individual CpG sites in short DNA
fragments (<200bp). The method works by monitoring the real-time
incorporation of nucleotides via detection of the light signal resulting from the
release of pyrophosphate molecules (PPi) during DNA elongation (Tost and
Gut, 2007). DNA methylation analysis by pyrosequencing uses single-stranded,
biotin-labelled bisulfite-PCR amplicons as a template (see section 2.3.3.1).
Figure 2.13 adapted from the Qiagen website (Qiagen, 2016) illustrates the

principles of pyrosequencing. In summary:

1) A sequencing primer is hybridised to the template and incubated with
DNA polymerase, ATP sulfurylase, luciferase, and apyrases, substrates,

adenosine 5 phosphosulphate (APS) and luciferin.

2) dNTPs are then dispensed sequentially, and release PPi molecules
when incorporated into the DNA elongation strand, in a quantity equimolar to

the amount of incorporated nucleotide.

3) In the presence of APS, ATP-sulfurylase converts PPi to ATP which
provides energy for luciferase to generate visible light in amounts that are

proportional to the amount of ATP. The luminescence is detected by a charge
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couple device chip and visualised as a peak in the raw data output with a height

proportional to the number of nucleotides incorporated.

4) Unincorporated dNTPs and ATPs are continuously degraded by a nucleotide-

degrading enzyme, apyrase.

In the work carried out in this thesis, bisulfite-pyrosequencing primers (specific
to bisulfite-converted DNA) were designed using the PyroMarkQ24 Assay
Design Software version 2.0 (Qiagen, Venlo, Holland). A biotin label was
incorporated into the primer to allow capture of single-strands of DNA. For each
sample, PCR was performed in duplicated as described in section 2.3.3.1.
Subsequently, 10ul of each PCR duplicate were mixed to make a total of 20yl
PCR product for each sample. The PCR products were incubated for 10
minutes with Streptavidin Sepharose beads (Qiagen, Venlo, Holland) to
immobilise and capture the biotin-labelled DNA strands. This was followed by
washes in 70% ethanol (Sigma-Aldrich Corporation, St. Louis, MO, USA),
denaturation solution (0.2M NaOH), and Pyromark wash buffer (Qiagen, Venlo,
Holland). Denatured PCR products were then sequenced using 0.3uM
sequencing primer and Qiagen Pyromark enzyme and substrate in a PyroMark
Q24 Instument (Qiagen, Venlo, Holland). Details about the assays, primers and
conditions used for pyrosequencing are presented in Chapters 3 section
3.2.10 and Chapter 7 Materials and Methods. For an example of a pyrogram
trace see Figure 3.15 in Chapter 3 section 3.2.10.
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Figure 2.13. The principles of pyrosequencing. Figure adapted from the
Qiagen website (Qiagen, 2016).
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2.4. Genome-wide SNP profiling

In this section | describe the method used to profile common genetic common
variation and calculate schizophrenia polygenic risk score in the samples used
in Chapters 3 to 6. The samples were genotyped using the Infinium HTS
HumanOmniExpress-24 BeadChip Kit v1-0 and processed on an iScan
Microarray Scanner (lllumina, San Diego, CA, USA), according to
manufacturer’s instructions. The array was designed to analyse up to 750,000
SNPs and copy number variant (CNV) markers across the genome. Similarly to
the 450K array described above, the lllumina OmniExpress SNP array uses two
different types of Infinium probes. In the type | probe, the 3' end of the primer
overlaps with the SNP site and the intensity signal is only generated is there is a
perfect match and extension occurs. In the type Il probe, the 3' end of the
primer is positioned directly adjacent to the SNP site, or in the case of a non-
polymorphic probe, directly adjacent to the non-polymorphic site (lllumina,
2013). Allele-specific single base extension of the primer incorporates a biotin
nucleotide (in case of a C or G) or a dinitrophenyl labelled nucleotide (in case of
a n A or T). The overall signal-to-noise ratio is improved by signal amplification
of the incorporated label. The details of SNP array data quality control and

analysis are described in Chapter 4 section 4.2.1.
2.5. Transcriptome profiling

In this section | describe the methods used to profile the transcriptome of the
samples used in Chapter 6 using highly-parallel RNA sequencing (RNA-seq).
The first step of RNA-seq is to create libraries of double stranded DNA (cDNA)
complementary to messenger RNA (mRNA) molecules. Before library
preparation it is necessary to remove all ribosomal RNA (rRNA) present in the
sample that could confound the quantification of mMRNA modules. The method
used for this step depends primarily on the quality of the sample. | used rRNA
depletion given the low quality of RNA retrieved from a number of the post-
mortem brain samples (see Chapter 6 section 6.2.1). RNA depletion enables
subsequent sequencing of all non-rRNA molecules including mRNA molecules
that are not intact, being ideal for partially-degraded RNA samples. | will first
describe the method used for complementary DNA (cDNA) library preparation

followed by RNA sequencing (RNA-seq).
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2.5.1. Complementary DNA libraries preparation

To prepare cDNA libraries from total RNA from post-mortem brain tissue, | used
the TruSeq Stranded Total RNA with Ribo-Zero Gold Library Preparation LT kit

(lumina, San Diego, CA, USA). The protocol was carried following

manufacturer’s instructions. The human cDNA libraries were prepared by

myself in conjunction with Audrey Farbos, a research technician from the Exeter

Sequencing Service.

The protocol consists in the following six steps (Figure 2.14):

1)

2)

3)

4)

5)

6)

Deplete and fragment RNA — this step aims to remove rRNA using
biotinylated, target-specific oligos combined with Ribo-Zero rRNA removal
beads. The specific kit used in my analyses (Gold) depletes samples of
both cytoplasmic and mitochondrial rRNA. After the rRNA is depleted, the

remaining RNA is purified, fragmented, and primed for cDNA synthesis.

First strand cDNA synthesis — in this step the cleaved RNA fragments
are copied into first strand cDNA using reverse transcriptase and random
primers.

Second strand cDNA synthesis - this process removes the RNA
template and synthesizes a replacement strand, incorporating dUTP in
place of dTTP to generate double stranded cDNA. At the end of this step
we have blunt ended DNA.

Adenylate 3’ ends - A single ‘A’ nucleotide is added to the 3’ ends of the
blunt cDNA fragments to prevent them from ligating to each other during
the ligation of the adapter. A corresponding single ‘T’ nucleotide on the 3’
end of the adapter provides a complementary overhang for ligating the
adapter to the fragment. This strategy ensures a low rate of chimera
(concatenated template) formation.

Ligate adapters - this process ligates multiple indexing adapters to the
ends of the cDNA. The adapters are known barcode DNA sequences that
allow the labelling and posterior identification of individual samples.

PCR amplification - the labelled cDNA fragments are then purified and
enriched with PCR to create the final cDNA library.
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Figure 2.14. Overview of the complementary DNA libraries preparation

protocol.

2.5.2. cDNA libraries quantification and pooling

After preparation, the cDNA libraries were quantified using D1000 ScreenTapes
(Agilent Technologies, Santa Clara, CA, USA) processed on a 2200
TapeStation Instrument (Agilent Technologies, Santa Clara, CA, USA),
according to manufacturer's instructions. The TapeStation uses an
electrophoresis-based approach to analyse DNA or RNA, giving an accurate
measure of quality and fragment size. The tape used allows the analysis of
DNA fragments ranging from 35 to 1000bp. The cDNA libraries prepared should
have an average fragment size of 260-300bp. Figure 2.15 shows an example of
the tape gel electrophoresis and electropherogram of a cDNA library. To
guantify cDNA molarity and fragment size | isolated the region from 150 to
900bp (red in Figure 2.15 B) in the TapeStation Instrument software. | also
isolated the region from 50 to 150bp (green in Figure 2.15 B) to make sure
there was no contamination of small fragment DNA. Specific details on the
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quantification of the resulting cDNA libraries are presented in Chapter 6

section 6.2.2.
2.5.3. RNA sequencing

The sequencing of the libraries was performed using the Illumina HiSeq 2500
Ultra-High-Throughput Sequencing System (lllumina, San Diego, CA, USA),
which performs next generation sequencing (NGS). NGS allows the massive
parallel sequencing of millions of DNA molecules at the same time and
developed from Sanger sequencing, a gold-standard method developed by
Frederick Sanger in the 1970s (Sanger et al., 1977).

Following the library preparation steps described above (section 2.5.1), the
libraries were loaded into a flow cell for cluster generation by bridge
amplification. In the flow cell, the cDNA fragments are captured on a lawn of
surface-bound oligos complementary to the library adapters. Each fragment is
then amplified into distinct clonal fragments and ready for sequencing. Each

cluster of clonal molecules will act as an individual sequencing reaction.

lllumina NGS chemistry is a sequencing-by-synthesis method (SBS). Briefly, a
fluorescently labelled reversible terminator is imaged as each dNTP is added,
and then cleaved to allow incorporation of the next base. Since all 4 reversible
terminator-bound dNTPs are present during each sequencing cycle, natural
competition minimizes incorporation bias. We performed paired-end
sequencing, which involves sequencing both the forward and reverse template
strands of each cDNA fragment. This increases the accuracy when aligning the
data to a reference genome, especially in repetitive areas of the genome.
Figure 2.16. taken from Martin and Wang (2011) show the workflow of a typical
RNA-sequencing experiment. Details on RNA-sequencing and data analysis

can be found in Chapter 6 sections 6.1 and 6.2.
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Figure 2.16. The data generation and analysis steps of a typical RNA
sequencing experiment. Figure and legend taken from Martin and Wang
(2011).
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Chapter 3 - Methylomic profiling of
schizophreniain the brain

3.1. Introduction

Schizophrenia is a severe neurodevelopmental disorder, characterized by
episodic psychosis, hallucinations, delusion and altered cognitive function
(Burmeister et al., 2008). The disorder affects more than twenty-one million
people worldwide contributing significantly to the global burden of disease
(World Health Organization, 2013, World Health Organization, 2015). Twin and
family studies have highlighted a notable heritable component to schizophrenia
(Craddock et al., 2005), however the role of genetic variation in the etiology of
the disorder is complex. Rare, highly penetrant mutations have been implicated
in some cases of schizophrenia; these include copy number variants
(Stefansson et al., 2014), de novo coding mutations (Xu et al., 2011, Purcell et
al., 2014), or genomic translocations (St Clair et al., 1990). In most cases of
schizophrenia, however, susceptibility is attributed to the combined action of
multiple common genetic variants of low penetrance (Schizophrenia Working

Group of the Psychiatric Genomics, 2014).

A growing body of evidence suggest that schizophrenia has its origins during
neurodevelopment. Several of the most robustly supported schizophrenia
susceptibility genes have known roles in early brain development and appear to
impact on schizophrenia risk during this period (Kirov et al., 2009, Hill and Bray,
2012). Furthermore, epidemiological studies have shown that prenatal
environmental insults are also important, with established associations between
hypoxia (Cannon et al., 2002), maternal infection (Brown and Derkits, 2010),
maternal stress (Khashan et al., 2008), and maternal malnutrition or famine
(Susser et al., 1996) and risk for developing schizophrenia. These observations
have led to a growing interest in the role of developmentally regulated
epigenetic variation in the molecular etiology of schizophrenia (Dempster et al.,
2013). Despite the advances in understanding the genetic and environmental
epidemiology of schizophrenia, little is known about the mechanisms by which
schizophrenia risk factors interplay and mediate disease susceptibility in the

brain.
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Improved understanding of the biology of the genome has led to increased
interest in the role of non-DNA sequence-based variation in the etiology of
neurodevelopmental phenotypes, including schizophrenia. Epigenetic
processes have been hypothesised to mediate associations between genetic
risk burden, environmental risk exposure and phenotype. Furthermore, a
growing number of studies provide evidence for the dysregulation of epigenetic
mechanisms in complex psychiatric disorders (Labrie et al., 2012, Pidsley and
Mill, 2011, Dempster et al., 2013, Fullard et al.,, 2016). The notion that
epigenetic processes are involved in the onset of schizophrenia is supported by
recent methylomic studies of disease-discordant monozygotic twins (Dempster
et al., 2011), clinical sample cohorts (Aberg et al., 2014), and post-mortem brain
tissue (Mill et al., 2008, Jaffe et al., 2016, Pidsley et al., 2014). To date, such
studies have primarily focused on DNA methylation at CpG dinucleotides, as
this is the best characterised and most stable epigenetic modification. To date,
studies characterizing schizophrenia-associated methylomic variation have
been limited by small sample number or the assessment of a single brain region
(Chen et al., 2014, Numata et al., 2014, Wockner et al., 2014, Pidsley et al.,
2014, Jaffe et al., 2016, Ruzicka et al., 2015).

A previous study by our group investigated schizophrenia-associated
methylomic variation in the adult brain and its relationship to changes in DNA
methylation during human fetal brain development (Pidsley et al., 2014). The
data presented in that initial study strongly support the hypothesis that
schizophrenia has an important early neurodevelopmental component, and
suggest that epigenetic mechanisms may mediate the relationship between
neurodevelopmental disturbances and risk of disease. In this chapter | describe
a follow-on study using additional post-mortem brain samples dissected from

multiple regions of the brain.
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3.2. Methods

3.2.1. Samples

| obtained tissue from three human post-mortem brain banks to study
methylomic variation associated with schizophrenia. Each cohort comprises of
multiple brain regions from schizophrenia patients and non-psychiatric controls.
The use of these samples in the research presented here was approved by the
University of Exeter Medical School Research Ethics Committee (reference
number 13/02/009).

3.2.1.1. Medical Research Council London

Neurodegenerative Diseases Brain Bank

The MRC London Neurodegenerative Diseases Brain Bank (LNDBB) (MRC
London Neurodegenerative Disease Brain Bank website, 2016) was established
in 1989 in the Department of Neuropathology, Institute of Psychiatry, King's
College London and is part of the United Kingdom (UK) Brain Banks Network
funded by the Medical Research Council (MRC). It primarily focuses on
neurodegenerative diseases including Alzheimer's disease, Frontotemporal
dementias and Motor Neurone Disease but it also holds a number of other
disease collections including various movement disorders, HIV, autism and
schizophrenia. | obtained post-mortem prefrontal cortex (PFC; Broadmann Area
(BA) 9), cerebellum (CER), striatum (STR; putamen) and hippocampus (HC)
samples from a total of 23 schizophrenia patients and 29 non-psychiatric
controls who donated their brains to the LNDBB. Subjects were approached in
life for written consent for brain banking, and all tissue donations were collected
and stored following legal and ethical guidelines (National Health Service
reference number 08/MREQ9/38; the Human Tissue Authority license number
for the LNDBB brain bank is 12293). Samples were dissected by a trained
neuropathologist, snap-frozen and stored at -80°C. Schizophrenia patients were
diagnosed by trained psychiatrists according to Diagnostic and Statistical
Manual of Mental Disorders (DSM) criteria (for the latest edition see American
Psychiatric Association (2013)). In the beginning of this project | visited the
LNDBB and personally collected relevant information from the medical records

of these samples.
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3.2.1.2. Douglas Bell-Canada Brain Bank

The Douglas-Bell Canada Brain Bank (DBCBB) (Douglas-Bell Canada Brain
Bank website, 2016) was established in 1980 and is based at the Douglas
Mental Health University Institute (a McGill University affiliate), Montreal,
Québec, Canada. The bank collects brains from people who suffered from
different neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s
disease, and other dementias, as well as diverse mental disorders, including
schizophrenia, major depression, bipolar disorder, and substance use
disorders. | obtained post-mortem PFC (BA9), CER and STR (putamen)
samples from a total of 18 schizophrenia patients and 18 non-psychiatric
controls who donated their brains to the DBCBB. Samples were collected post-
mortem following consent obtained with next of kin, according to tissue banking
practices regulated by the Quebec Health Research Fund, and based on the
Organisation for Economic Co-operation and Development (OECD) Guidelines
on Human Biobanks and Genetic Research Databases. Samples were
dissected by neuropathology technicians, snap-frozen and stored at -80°C.
Psychiatric diagnoses were based on best-estimate diagnostic procedures,
following Structured Clinical Interviews for DSM Disorders | (SCID 1) (for the
latest edition see American Psychiatric Association (2013)) conducted with
informants.
3.2.1.3. Medical Research Council Edinburgh Brain and

Tissue Banks

The Edinburgh Brain and Tissue Banks (EBTB) (Edinburgh Brain and Tissue
Banks website, 2016) were established in 1990 at the University of Edinburgh,
UK. The banks are part of the UK Brain Banks Network funded by the MRC and
include Creutzfeldt-Jakob disease, human immunodeficiency virus, stroke,
motor neurone disease, dementia and sudden death banks. | obtained post-
mortem PFC (BA9), CER, basal ganglia (STR)* and HC samples from a total of
8 schizophrenia patients and 9 non-psychiatric controls who donated their
brains to the EBTB. All individuals died suddenly and unexpectedly and the

next-of-kin of all individuals authorised the use of the tissue for research

! As the EBTB could not clarify which part of the basal ganglia the samples were collected from | will
refer to these samples as STR for simplicity.
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purposes by completing and signed an Authorisation Form, confirming their
wish of donating the brains (consistent with the requirements of the Human
Tissue (Scotland) Act 2006). All samples were collected and stored in
accordance with good clinical practice requirements, legal and ethical
guidelines. The medical records of all schizophrenia cases were assessed by
two Consultant Psychiatrists and diagnosis made according to DSM criteria (for
the latest edition see American Psychiatric Association (2013)). The samples
stored in the Edinburgh Banks are fully authorised for research by families and
ethically approved for research use in accordance with the terms of current UK
Human Tissue legislation. The Brain Bank has local Research Ethics
Committee approval (LREC 2003/8/37) and works within the legal framework of
the Human Tissue (Scotland) Act 2006.

Figures 3.1 to 3.4 show the anatomical location of the PFC (A), basal ganglia
(including the STR; putamen) (B), HC (C) and CER (D) in the human brain,
respectively. An overview of the functions of each of these brain regions and
their relevance to schizophrenia is given in Chapter 1 Section 1.1.2.
Demographic data of all samples is presented in Appendix A - Supplementary
Table 1. DNA was isolated from tissue samples as described in the Chapter 2
section 2.2. Briefly, genomic DNA was isolated using a standard phenol-
chloroform extraction protocol and tested for degradation and purity using
spectrophotometry. 500 ng DNA from each sample was treated with sodium
bisulfite using the EZ-96 Gold DNA methylation kit (Zymo Research, Irvine, CA,
USA). DNA methylation was quantified using the Illlumina Infinium
HumanMethylation450 BeadChip (lllumina, San Diego, CA, USA) run on an
lllumina HiScan System (lllumina, San Diego, CA, USA) using the
manufacturers’ standard protocol. Appendix A - Supplementary Table 2

includes sentrix barcode ID information for all samples.
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Figure 3.1. Figure showing the anatomical location of the prefrontal cortex
in the human brain. Adapted from Genes to Cognition Online (Cold Spring
Harbor Laboratory, 2009).
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Figure 3.2. Figure showing the anatomical location of the basal ganglia
(including the putamen) in the human brain. Adapted from Genes to

Cognition Online (Cold Spring Harbor Laboratory, 2009).
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Figure 3.3. Figure showing the anatomical location of the hippocampus in
the human brain. Adapted from Genes to Cognition Online (Cold Spring
Harbor Laboratory, 2009).

102



Cerebellum @——

Figure 3.4. Figure showing the anatomical location of the cerebellum in
the human brain. Adapted from Genes to Cognition Online (Cold Spring
Harbor Laboratory, 2009).
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3.2.2. Samples and cohort quality control

Quality control (QC) and normalisation steps were performed on the raw
lllumina 450K array data generated from the three cohorts separately. Signal
intensities for each probe were extracted using lllumina GenomeStudio software
(llumina, San Diego, CA, USA) and imported into R (R Core Team, 2015) using
the methylumi and minfi packages (Aryee et al.,, 2014, Davis S, 2015). The
standard deviation across all samples from all cohorts and brain regions was
calculated for each probe. The thousand probes with highest standard deviation
across all samples were plotted to visualise differences across brain regions

and sample cohorts (Figure 3.5).

Prafrontal cortex LNDBB Striatum DBCEB B Ceredellum LNDBB

Prefrontal cortex DBCSE Striatum EBTE Cerebellum DBCBS

Pratrontal cortex EBTB Hippocampus LNDBB Cerebellum EBTB
20 40 60 80 Stratum LNDBS Hippocampus EBTB

Methylation (%)

Figure 3.5. Hierarchical clustering of the thousand most variably-
methylated probes across all samples. LNDBB, MRC London
Neurodegenerative Diseases Brain Bank; DBCBB, Douglas-Bell Canada Brain
Bank; EBTB, Edinburgh Brain and Tissue Banks.
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As expected, all brain regions show distinct DNA methylation profiles that are
consistent across cohorts, with the CER being a clear outlier, concurring with
data from previous studies (Davies et al.,, 2012, Hannon et al., 2016, Ladd-
Acosta et al., 2007). Of note, ES12, ES13, ES14, ES15, ES16 and ES18 CER
samples from the EBTB cohort appear considerably different from the CER
samples from the other two cohorts, suggesting these samples might actually
represent a different region of the brain. To further investigate this | used an
algorithm within the online DNA methylation age calculator to predict the tissue
of origin of each sample (Horvath, 2016) (see section 3.2.4 for specific details).
The tissue prediction feature of this tool can be helpful in identifying mislabelled
samples, however this feature has not been published and the author suggests
caution in interpreting the predictions (see the online tool tutorial by Horvath
(2013b)). Appendix A - Supplementary Tables 3 to 5 show the tissue
prediction results for all samples in this study and Table 3.1 shows the tissue
prediction only for the CER samples. Whereas the majority CER samples are
predicted as cerebellum (“Brain CRBLM”) and have a high cerebellum
prediction value (0.48 £ 0.06), the EBTB samples highlighted in grey are not
predicted as cerebellum and show a considerably lower cerebellum prediction
value (0.03 £ 0.01). This is consistent with the multidimensional scaling (MDS)
plot of the thousand most variable probes across all samples (Figure 3.6),
showing the samples from the same brain regions clustering together with
exception of the same EBTB CER samples. Furthermore, these samples
present a higher prediction value for pons (< 0.10) than the remaining samples,
suggesting that they might have been dissected from pons, a structure lying
between the midbrain and the medulla oblongata and in front of the CER
(Appendix A - Supplementary Table 3). In light of these observations |
decided to exclude the entire EBTB cohort from any further analysis.
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Table 3.1. Tissue prediction for the cerebellum samples in this study
using the DNA methylation age calculator (Horvath, 2016). Brain CRBLM,
cerebellum; LNDBB , MRC London Neurodegenerative Diseases Brain Bank;
DBCBB, Douglas-Bell Canada Brain Bank; EBTB, Edinburgh Brain and Tissue
Banks. Highlighted in grey are the samples that are not predicted correctly as

cerebellum samples.

Brain Predicted Probabili_ty
Sample ID Group 450K Barcode . from Brain
Bank tissue

cerebellum
MS01 DBCBB schizophrenia  9647450027_R06C01  Brain CRBLM 0.52
MS03 DBCBB schizophrenia  9647455007_R02C02  Brain CRBLM 0.44
MS04 DBCBB schizophrenia 9647450013 _R02C02  Brain CRBLM 0.53
MS05 DBCBB control 9647450019_R04C02  Brain CRBLM 0.47
MS06 DBCBB schizophrenia 9647450013 _R05C02  Brain CRBLM 0.48
MSO07 DBCBB schizophrenia 9647450019 _R05C02  Brain CRBLM 0.48
MS08 DBCBB control 9647450027_R02C01  Brain CRBLM 0.48
MS09 DBCBB control 9647450013_R04C02  Brain CRBLM 0.49
MS10 DBCBB control 9647450019_R06C01  Brain CRBLM 0.52
MS11 DBCBB schizophrenia 9647450013 _R01CO1  Brain CRBLM 0.46
MS12 DBCBB schizophrenia  9647450019_R05C01  Brain CRBLM 0.47
MS13 DBCBB control 9647455007_R01C01  Brain CRBLM 0.47
MS14 DBCBB control 9647450013_R06C02  Brain CRBLM 0.48
MS15 DBCBB control 9647450013_R06C01  Brain CRBLM 0.47
MS16 DBCBB control 9647450027_R03C01  Brain CRBLM 0.52
MS17 DBCBB control 9647450013_R04C01  Brain CRBLM 0.43
MS18 DBCBB schizophrenia  9647450019_R01C01  Brain CRBLM 0.48
MS19 DBCBB control 9553932139 _R04C02  Brain CRBLM 0.55
MS20 DBCBB schizophrenia  9647455007_R03C02  Brain CRBLM 0.48
MS21 DBCBB schizophrenia  9647450019_R01C02  Brain CRBLM 0.51
MS22 DBCBB control 9553932139 _R05C02  Brain CRBLM 0.54
MS23 DBCBB schizophrenia  9647450019_R04C01  Brain CRBLM 0.45
MS25 DBCBB schizophrenia  9647450027_R02C02  Brain CRBLM 0.45
MS26 DBCBB control 9647455007_R04C01  Brain CRBLM 0.52
MS27 DBCBB schizophrenia  9647450027_R01C02  Brain CRBLM 0.47
MS28 DBCBB schizophrenia  9647450013_R02C01  Brain CRBLM 0.47
MS30 DBCBB schizophrenia 9647450013 _R01C02  Brain CRBLM 0.51
MS31 DBCBB control 9647455007_R06C02  Brain CRBLM 0.48
MS32 DBCBB schizophrenia  9647450027_R06C02  Brain CRBLM 0.47
MS33 DBCBB control 9553932139_R06C02  Brain CRBLM 0.58
MS34 DBCBB control 9647450027_R04C02  Brain CRBLM 0.45
MS35 DBCBB control 9647450027_R04C01  Brain CRBLM 0.49
MS36 DBCBB control 9647450013_R03C01  Brain CRBLM 0.48
ESO1 EBTB schizophrenia 9553932139 _R03C02  Brain CRBLM 0.47
ES02 EBTB control 9647455007_R03C01  Brain CRBLM 0.47
ES03 EBTB control 9647455007_R05C02  Brain CRBLM 0.48
ES04 EBTB control 9647450027_R05C02  Brain CRBLM 0.54
ESO05 EBTB schizophrenia 9647450019 _R06C02  Brain CRBLM 0.5
ESO06 EBTB schizophrenia  9647455007_R04C02  Brain CRBLM 0.46
ESO07 EBTB schizophrenia  9647455007_R05C01  Brain CRBLM 0.17
ES09 EBTB schizophrenia  9647455007_R06C01  Brain CRBLM 0.2
ES10 EBTB control 9647450019_R03C02  Brain CRBLM 0.48
ES11 EBTB schizophrenia  9647455007_R02C01  Brain CRBLM 0.5
ES12 EBTB schizophrenia 9647450013 R05CO01 GlialCell 0.02
ES13 EBTB control 9647450027_R01C01 GlialCell 0.04
ES14 EBTB control 9647450013_R03C02 GlialCell 0.02
ES15 EBTB control 9647450019_R02C02 GlialCell 0.02
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Figure 3.6. Multidimensional scaling of the thousand most variable probes
across all samples. Six cerebellum samples from the Edinburgh Brain and
Tissue Banks (circled) do not cluster with the remaining cerebellum
samples. PFC, prefrontal cortex (blue); CER, cerebellum (orange); STR,

striatum (green) and HC, hippocampus (dark red).

MDS plots of probes located on each of the autosomal chromosomes and for
the thousand most variable probes across all samples were used to check for
DNA extraction, bisulfite treatment and microarray batch effects. Figure 3.7
shows an example of MDS plots coloured by microarray chip (A) and DNA
extraction batch (B); the samples cluster by sex but not by colours, indicating
that no obvious batch effects were identified. MDS plots of probes on each sex
chromosome were used to check that the predicted sex corresponded with the
reported sex for each individual. One individual from each cohort was identified
as having a 47,XXY karyotype (presence of 2 X-chromosomes and 1 Y-
chromosome consistently across all brain regions) and excluded from my
schizophrenia analysis (a detailed analysis of genomic variation in one of these
47,XXY (Klinefelter Syndrome) samples is presented in Chapter 7). Figure 3.8
shows examples of such MDS plots for probes on the X (A) and Y (B)
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chromosomes of the 47,XXY sample from the DBCBB cohort. Another CER
sample showed different predicted and reported sex and was excluded from
analysis. The DNA Methylation age calculator (Horvath, 2016) also predicts sex
from DNA methylation data (see section 3.2.4 for specific details on this tool).
All the samples that survived QC had matching reported sex with the sex

predicted by the age calculator (Appendix A - Supplementary Table 3).
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Figure 3.7. Example of multidimensional scaling plots for the thousand
most variable probes across all the striatum MRC London
Neurodegenerative Diseases Brain Bank samples. The samples are
coloured by chip array (A) and DNA extraction batch (B) and in both cases

show no batch effects. The clustering is probably due to sex differences.
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Figure 3.8. Example of multidimensional scaling plots of the X-
chromosome (A) and Y-chromosome (B) probes across all the prefrontal
cortex Douglas-Bell Canada Brain Bank samples. The sample circled in blue
clusters with females for the X-chromosome probes (A) and with males for the

Y-chromosome probes (B).

The ten sodium bisulfite conversion control probes on the array were used to
calculate the efficiency of the conversion reaction and samples showing a score
less than 90% were excluded from analysis (PFC: 2; STR: 1; CER: 0; HC: 0).
Figure 3.9 shows an example of the conversion plot for the LNDBB and
DBCBB PFC samples. Correlation data from the 65 SNP probes on the array
between brain region pairs confirmed that matched tissues were sourced from
the same individual. Figure 3.10 shows an example of a correlation plot
between DBCBB CER and PFC samples. Appendix A - Supplementary Table
2 provides detailed information on exclusion criteria for each sample profiled in

the course of this study.
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Figure 3.9. Example of bisulfite conversion plot. Shown are the bisulfite
conversion values (y-axis) for the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain Bank prefrontal cortex samples.
The samples in red are below the 90% bisulfite conversion threshold (horizontal

line) and were excluded from further analysis.
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Figure 3.10. Example of a correlation plot for SNP probes for matched
samples from two brain regions. The figure shows correlation of the 65 SNP
probes on the 450K array between prefrontal cortex (PFC; vertical) and
cerebellum (CER; horizontal) samples from the Douglas-Bell Canada Brain
Bank. High positive correlation (red) indicates that matched tissues were
sourced from the same individual, with lower correlations for all other

comparisons.

3.2.3. Data pre-processing and normalisation

The 65 SNP probes, probes on sex chromosomes, cross-hybridizing probes
(Price et al., 2013, Chen et al., 2013) and probes containing a SNP with minor
allele frequency >5% within 10 base pairs (bp) of the single base extension
were excluded from analysis (Chapter 2 section 2.3.2.1). The pfilter function of
the wateRmelon package (Pidsley et al., 2013) was used to filter data by
beadcount and detection P-value. Samples with >1% probes with a detection P-
value >0.01 were removed (PFC: 1; STR: 1; CER: 1; HC: 2) and probes with a
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detection P-value > 0.05 in at least 1% of samples and/or a beadcount <3 in 5%
of samples were also removed. Reasons for exclusion for each sample are
presented in Appendix A - Supplementary Table 2. The dasen function in
wateRmelon was used to normalise the data as previously described (Pidsley et
al., 2013). Table 3.2 summarises the number of probes that survived QC in
each cohort and brain region and were included in the differently methylated
probe analyses and Table 3.3 and Appendix A - Supplementary Tables 1 and
3 summarise the demographic and sentrix barcode ID for the samples included
in the analyses, respectively. DNA methylation () values were calculated from
unmethylated (U) and methylated (M) signal [M/(U + M + 100)] and ranged from
0 to 1 (corresponding to 0 to 100% DNA methylation). Figure 3.11 shows the
example of B values distribution before (A; raw data) and after normalisation (B)
of the DBCBB STR samples. As is evident from the figure, one sample
(MSO07STR) failed and was excluded during QC. Figure 3.12 shows the density
of B values distribution for all probes, type | probes and type Il probes before (A)
and after (B) normalisation. A sensitivity test was performed using the G*Power
software (Faul et al., 2007) and revealed the ability to detected a DNA
methylation difference of 9.12% at a P-value < 0.05 and 49.49% at the multiple
testing threshold used in this study (see Section 3.2.8) (sample size of 88

individuals, 80% statistical power).

Table 3.2. Total number of probe included in the analyses after data
normalisation and quality control. DBCBB, Douglas-Bell Canada Brain Bank;
LNDBB, MRC London Neurodegenerative Diseases Brain Bank.

Prefrontal cortex | Striatum | Hippocampus | Cerebellum
LNDBB 415,426 419,489 417,213 410,756
DBCBB 417,033 417,470 - 417,039
Meta-analysis 413,201 417,046 - 409,311
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Figure 3.11. Boxplots showing the B values distribution for each striatum

samples from the Douglas-Bell Canada Brain Bank. Shown are the 3 values

distribution before (A) and after (B) quality control and normalisation steps.
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Figure 3.12. Density plots showing the B values distribution for the
striatum samples from the Douglas-Bell Canada Brain Bank. Shown are the
B values distribution before (A) and after (B) quality control and normalisation

steps for all probes (black), type | probes (blue) and type Il probes (red).
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3.2.4. DNA methylation age calculation

The DNA methylation age online calculator (Horvath, 2013a, Horvath, 2015,
Horvath, 2016) was used to estimate DNA methylation age for each sample.
The DNA methylation age calculator was developed using 8,000 samples from
a broad range of healthy tissues, cancer tissues and cell lines. The calculator
allows the estimation of DNA methylation age from a complete 450K dataset,
using weighted average data from 353 ‘clock CpGs’, which is then transformed
to DNA methylation age using a calibration function. DNA methylation age for
each sample in this study is presented in Appendix A - Supplementary Table
1. | calculated the correlation coefficients between the chronological age and
DNA methylation age for each brain region from each sample. To test whether
there is DNA methylation age acceleration in schizophrenia, | performed a
regression model with DNA methylation age values as the dependent variable,
chronological age and diagnosis as fixed effects and an interaction term
between chronological age and diagnosis.

3.2.5. Cell composition estimates

The epigenetic profile of a cell contributes to its unique gene expression pattern
and DNA methylation is known to be a mark of cell and tissue type (Roadmap
Epigenomics Consortium et al., 2015, Rivera and Ren, 2013). This has obvious
implications in EWAS that use bulk tissue samples with a heterogeneous
population of cells and in recent years different approaches have emerged that
allow us to estimate cell type composition in different human tissues

(Houseman et al., 2015, Guintivano et al., 2013).

| estimated neuronal composition for each sample using the Cell EpigenoType
Specific (CETS) package in R (Guintivano et al., 2013). Neuronal composition
estimates for each sample are presented in Appendix A - Supplementary
Table 1 and Figure 3.13. The CER neuronal estimates derived from CETS
correlated significantly with age (p = 0.48, P = 1.26E-05) in contrast to PFC (p=
0.06, P =0.58), STR (p=-0.24, P = 0.032) and HC (p=0.09, P = 0.65) estimates
(Figure 3.14). This concurs with data reported by Guintivano et al. (2013) and is
likely explained by age-related variation in the proportion of NeuN expressing
and non-expressing neurons (e.g. Purkinje neurons) in the CER. Purkinje

neuron (NeuN) levels relative to granule neurons (NeuN™) have been observed
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to decrease with age in mice (Sturrock, 1990, Sturrock, 1989b, Sturrock,
1989a). These observations make CETS unsuitable for estimating cell
composition in this brain region (Guintivano et al., 2013). For this reason,
subsequent analyses on CER did not include neuronal proportion estimates as

an independent variable.
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Figure 3.13. Neuronal proportion estimates calculated using the CETS
package in R (Guintivano et al., 2013). Shown are neuronal proportion
estimates (y-axis) for prefrontal cortex (PFC; blue), cerebellum (CER; yellow),
striatum (STR; green) and hippocampus (HC; red) samples from both the MRC
London Neurodegenerative Diseases Brain Bank (LNDBB) and Douglas-Bell
Canada Brain Bank (DBCBB).
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Figure 3.14. Correlation between chronological age and neuronal
proportion estimates. Shown is the correlation between chronological age (x-
axis) and neuronal proportion estimates (y-axis) in the prefrontal cortex (A),
striatum (B), hippocampus (C) and cerebellum (D). Neuronal proportion

estimates were calculated using the CETS package (Guintivano et al., 2013).

3.2.6. Identification of differentially methylated positions and

regions

To identify schizophrenia-associated DNA methylation differences at the
individual probe level in each brain region | performed a linear regression using
the pre-processed and normalised DNA methylation (B8) values of each cohort
as the dependent variable and disease status, chronological age, sex and

neuronal proportion estimates as independent variables. Neuronal proportion
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estimates were not included as a variable for CER samples as described above
(section 3.2.2). Given the nature of these samples, medication, smoking status
and other important phenotypical information was not available and therefore |

could not include these as independent variables.

The adjusted DNA methylation values for each probe and sample were

calculated as follows:

a) repeating the linear regression model for each brain region and cohort

without including diagnosis as an independent variable;

b) calculating the sum of the regression residuals and intercept for each

probe and sample.

The resulting P-values of the linear regression in the HC LNDBB data were
used to identify differently methylated CpG sites in this brain region. For tissues
collected from both brain banks (PFC, STR and CER), a fixed effect meta-
analysis on the adjusted mean DNA methylation values computed with inverse
variance weights was performed in each probe using the metacont function
from the meta package in R (Schwarzer, 2015). Only the probes that survived
QC and were common to both cohorts in each brain region were used in the

meta-analysis (Table 3.2).

To identify differentially methylated regions (DMRs), | identified spatially
correlated P-values in our data using the Python module comb-p (Pedersen et
al., 2012) to group spatially correlated DMPs (seed P-value < 1.00E-3, minimum
of two probes) at a maximum distance of 300bp in each brain region. DMR P-
values were corrected for multiple testing using Sidak correction (Sidak, 1967),
which corrects the combined P for ng/n, tests, where n, is the total number of
probes tested in the initial EWAS and n, the number of probes in the given

region.

Permutation tests were performed for multiple purposes. The sample was
randomly split into cases and controls 2,000 times (matching the numbers in
each group in the real analysis), and for each permutation an EWAS was
performed using a linear regression model for each cohort and brain region
which were combined using a meta-analysis of both cohorts for PFC, STR and
CER, as described above. The 2.5™ and 97.5™ percentiles of the P-values for

120



each permutation were calculated and used to compute the 95% confidence
intervals presented in the quantile-quantile (QQ) plots for each analysis
(Figures 3.20 to 3.23, section 3.3.3).

3.2.7. Additional probe annotation and enrichment analysis for

regulatory regions and schizophrenia GWAS regions

| annotated the probes on the 450K array using the Genomic Regions
Enrichment of Annotations Tool (GREAT) (McLean et al., 2010). GREAT
associates genomic regions with genes by defining a cis-regulatory region for
each gene in the genome. In the context of this study, annotating 450K probes
of interest with GREAT (i.e. DMPs and DMRs) can provide information on
whether these probes lie within putative regulatory regions mapped to genes of

interest.

Probes were also annotated to transcription factor binding sites (TFBSs) and
DNasel hypersensitivity sites (DHSs) using published 450K array probe
annotation (Slieker et al., 2013) based on data made publically available as part
of the ENCODE project (ENCODE Project Consortium, 2012, Maurano et al.,
2012). The overlap between these regulatory features and different thresholds
of DMPs (50 top ranked, DMPs P < 1.00E-03and DMPs P < 0.05) was tested

for enrichment using a two sided Fisher's 2x2 exact test (Fisher, 1922).

A recent large-scale GWAS of schizophrenia identified 128 independent
associations spanning 108 genomic regions in a meta-analysis of over 80,000
samples (Schizophrenia Working Group of the Psychiatric Genomics, 2014).
5006, 5058, 5066 and 4951 Illumina 450K array probes included in our PFC,
STR, HC and CER analyses, respectively, were located within these broad
genomic regions. The overlap between different thresholds of DMPs (50 top
ranked, DMPs P < 1.00E-03and DMPs P < 0.05) and GWAS regions was tested

for enrichment using a two sided Fisher’s 2x2 exact test (Fisher, 1922).
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3.2.8. Establishing multiple testing significance threshold for
EWAS analysis

To establish a stringent multiple-testing significance threshold to identify
schizophrenia-associated DMPs, the data from a large schizophrenia Illlumina
450K dataset (n = 675 individuals) from another ongoing study in our lab
(Hannon E et al., under review) was randomly split into cases and controls
5,000 times, and for each permutation an EWAS was performed using a linear
regression model controlling for age, sex, smoking and cell composition and the
probe-level P-values were recorded. The minimum (or most significant) P-value
was identified for each permutation and the 5th quantile across the
permutations was used to estimate the nominal P-value for 5% family-wise error
(P = 1.66E-07).

3.2.9. Cross-region multilevel model

As reported in previous studies (Davies et al., 2012, Hannon et al., 2016, Ladd-
Acosta et al., 2007), my data show that at a global level the CER is very distinct
to the other three brain regions included in this study (Figures 3.5 and 3.6); for
this reason | excluded the CER from the multi-region model and focused on
identifying consistent signals across the PFC, STR and HC. To identify
homogeneous DNA methylation effects across PFC, STR and HC data a null
model of no heterogeneity was fitted using disease, sex, age and cohort as
fixed effects. As the brain regions were dissected from the same set of
individuals, each individual's DNA methylation values are potentially non-
independent across brain regions. In addition, DNA methylation values within a
brain region are also expected to be correlated across individuals, therefore
both of these covariates were included as random effects. The comb-p tool
(Pedersen et al., 2012) was then used to identify significant DMRs across the
three brain regions, using the P-values of the cross-region model as described

in section 3.2.6.
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3.2.10. Validation with bisulfite-PCR-pyrosequencing

Independent technical verification was performed using bisulfite-PCR-
pyrosequencing on region chrl7:154420-154443 within the RPH3AL gene that
was consistently associated with schizophrenia (see section 3.3.3.1). The
validation was performed in the PFC and STR samples used for 450K array
analysis. Pyrosequencing assays were designed using the PyroMark Assay
design software (Qiagen, Hilden, Germany). PCR amplification was performed
on sodium bisulfite treated DNA (see section 3.2.2) in duplicate. Fully
methylated control samples and negative controls were included in all
experiments. Primers and assay conditions are presented in Table 3.4. The
assay covers five CpG sites, although the final two CpGs were excluded from
analysis due to variable quality at the end of the sequencing assay. DNA
methylation was quantified across amplicons using the Pyromark Q24 system
(Qiagen) following the manufacturer's standard instructions. DNA methylation
values were retrieved using the Pyromark Q24 CpG 2.0.6 software (Qiagen,
Hilden, Germany). Figures 3.15 and 3.16 show examples of a successful and
failed pyrosequencing run, respectively. Appendix A - Supplementary Table 2
presents information on excluded samples from pyrosequencing analyses. For
a full description of bisulfite-PCR-pyrosequencing methodology please see
Chapter 2 section 2.3.3.

Table 3.4. Primers and assay conditions for the bisulfite-polymerase chain
reaction pyrosequencing assay targeting the chrl7:154410-154672
schizophrenia-associated differentially methylated region in the RPH3AL

gene.
CpG 450K probe Genomic Annealing PCR primer PCR primer Sequencing
coordinates PCR reverse forward primer
(hg19) Temperature
&)
1 - chrl7:154444 .
5-ACAAAAAT 5'-Biotin-ATAATA 5'-
2 - chrl7:154429 60 CCAACCAA TAATTAGAGGG CCAAACTCATT

ACTCATTAA-3' GAAGGAAGTT-3' AATTCTCCTA-3'
3 ¢g11940040 chr17:154420
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Figure 3.15. Example of a pyrogram of a successful pyrosequencing run
assessing the DMR on the RPH3AL gene. Shown is the pyrogram for a
striatum sample from the MRC London Neurodegenerative Diseases Brain
Bank (ID = 16STR). The assay covers five CpG, although the final two CpGs
were excluded from analysis due to variable quality at the end of the

sequencing assay.
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Figure 3.16. Example of a pyrogram of a failed pyrosequencing run
assessing the DMR on the RPH3AL gene. Shown is the pyrogram for a
prefrontal cortex sample from the MRC London Neurodegenerative Diseases
Brain Bank (ID = 16PFC). This sample was excluded from analysis (see

Appendix A - Supplementary Table 2)
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3.3. Results

3.3.1. Overview of experimental strategy

In total, I quantified genome-wide patterns of DNA methylation in 341 samples
derived from four brain regions dissected from 105 individuals (49
schizophrenia and 56 non-psychiatric controls) obtained from 3 independent
brain banks, using the Illumina Infinium HumanMethylation450 BeadChip (450K
array) (lllumina Inc., San Diego, CA, USA) (see section 3.2.1). Based on my
initial QC, | excluded the entire EBTB cohort due to uncertainty of brain region
for some of the CER samples (see section 3.2.2). Additionally | excluded 2
individuals that were identified with a 47,XXY karyotype (see Chapter 7), 3
samples that failed bisulfite conversion, 1 sample with the wrong reported sex
and 5 samples that failed based on the detection P-value (Appendix A -
Supplementary Table 2). Overall, this represents very stringent filtering of the

data used in my subsequent analyses.

In total, data from 76 PFC (38 schizophrenia and 38 controls), 82 STR (37
schizophrenia and 45 controls), 33 HC (16 schizophrenia and 17 controls) and
77 CER (37 schizophrenia and 40 controls) samples from both the LNDBB and
DBCBB passed stringent QC metrics and were used for analysis (demographics
for these samples are presented in Table 3.3). A linear regression was
performed in each brain region from each cohort separately and for tissues
collected from both brain banks (PFC, STR and CER) a fixed-effect meta-
analysis approach was used to combine analyses results from both cohorts.
The initial analyses focused on identifying DMPs and DMRs associated with
disease status. Analyses were initially performed independently for each brain
region, subsequently employed a multi-level model to identify consistent DNA
methylation associations with schizophrenia present across the PFC, STR, and
HC. An overview of the analysis approach in this chapter is given in Figure 3.7
and a representation on how this analysis integrates with the remaining

chapters is given in Chapter 1 Figure 1.8.
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LNDBB: DBCBB: EBTB:

* Prefrontal cortex . * Prefrontal cortex

Prefrontal cortex

e Striatum * Striatum

e Striatum

* Hippocampus * Hippocampus

v

llumina 450K QC & normalisation:
*  Remove failed samples and samples with mismatched gender
*  Remove samples with 1% of sites with a detection P <0.05
. Remove 65 SNP probes
*  Remove cross-hybridizing probes
*  Remove probes on X and Y chromosomes
. Normalisation (‘dasen’ fuction in ‘wateRmelon’ R package)

LNDBB: DBCBB:

* Prefrontal cortex (20 5Z, 23 « Prefrontal cortex (18 SZ, 15
COoN) CON)
e Striatum (21 SZ, 28 CON) « Striatum (16 SZ, 17 CON)

* Hippocampus {14 5Z, 13 CON])

N J
Y

D M PS DNA methylation effects across Linear regression LNDBB and
prefrontal cortex, striatum and DBCBB separately:
hippocampus data: * DNA methylation ~ disease
DNA methylation ~ disease status + status + age + sex +
age + sex + brain bank + neuronal neuronal proportion
estimates* + (1|individual) + estimates*

(1] brain region)

v

Meta-analysis of LNDBB and\
DBCBB :

* fixed-effect model on the
adjusted mean DNA
methylation values

computed with inverse
variance weights /

v

~
D M Rs Identification of spatially correlated P-values grouping sequential DMPs (P-
value < 1.00E-3) at a maximum distance of 300bp (‘comb-p’ module in
Python)

Figure 3.17. Overview of Chapter 3 experimental strategy.
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3.3.2. No global DNA methylation changes or DNA methylation
age acceleration in schizophrenia

As expected, no global differences in DNA methylation - estimated by averaging
across all probes on the array included in our analysis - were identified between
schizophrenia patients and controls in any of the four brain regions (PFC:
schizophrenia (SZ) = 48.43%, controls (CTR) = 48.57%, P = 0.51; STR: SZ =
49.20%, CTR = 49.16%, P = 0.12; HC: SZ = 48.44%, CTR = 48.38%, P =
0.05; CER: SZ = 47.25%, CTR = 47.27%, P = 0.89). Furthermore, the
estimated DNA methylation age for each sample calculated using an epigenetic
clock based on DNA methylation values (Horvath, 2013a, Horvath, 2015) was
strongly correlated with actual chronological age in each brain region (Figure
3.18), with no evidence for accelerated “DNA methylation aging” in affected
individuals (Figure 3.19). Taken together, these data indicate that
schizophrenia is not associated with any systemic methylomic differences in the
brain regions tested in this study, as would be expected from a common,

complex disorder.
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Figure 3.18. Correlation between chronological age and DNA methylation
age. Shown is the correlation between chronological age (x-axis) and DNA
methylation age (y-axis) for samples from both cohorts for A) prefrontal cortex,
B) striatum, C) hippocampus, and D) cerebellum. DNA methylation age was
calculated using the DNA methylation age online calculator (Horvath, 2016,

Horvath, 2013a). p, Pearson’s correlation coefficient.
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Figure 3.19. Correlation between chronological age and DNA methylation
age separated by schizophrenia cases (red) and controls (black). Shown is
the correlation between chronological age (x-axis) and DNA methylation age (y-
axis) for samples from both cohorts for A) prefrontal cortex, B) striatum, C)

hippocampus, and D) cerebellum. p, Pearson’s correlation coefficient.
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3.3.3. Differently methylated positions associated with

schizophrenia

My first analyses focused on identifying DNA methylation differences between
schizophrenia cases and non-psychiatric controls. There was widespread
evidence for schizophrenia-associated variation at specific loci across the
genome in each brain region. QQ plots for the analyses in each tissue are
shown in Figures 3.20 to 3.23, highlighting little evidence of systematic P-value
inflation (PFC A =1.18, STR A =1.02, HC A = 1.13, CER A = 1.23) in any of the
four brain regions. Manhattan plots for the analyses in each brain region are
shown in Figures 3.24 to 3.27. The fifty top ranked schizophrenia-associated
DMPs in each brain region are listed in Tables 3.5 to 3.8 and Figures 3.28 to
3.31, with those passing a highly stringent family-wise significance threshold (P
< 1.66E-07, see section 3.1.3), shown in Table 3.9 and Figure 3.32.

Although the specific list of top ranked DMPs identified in each tissue is distinct,
many DMPs are characterised by consistent effects across brain regions
(Figures 3.28 to 3.31), and for DMPs identified in each of the four individual
brain regions, schizophrenia-associated DNA methylation differences are
significantly positively correlated with those at the same probes in the other
three brain regions (Figures 3.33 to 3.36 and Table 3.10).

Of note, genes annotated to several of these top ranked probes have been
previously implicated in the etiology and pathophysiology of schizophrenia. For

example:

e The top ranked DMP - ¢g08743050, which is significantly
hypomethylated in PFC (P = 1.84E-08) - is located in the gene body of the
neural cell adhesion molecule 1 (NCAM1) gene, which encodes a cell adhesion
protein with a well-established role in neurodevelopment and synaptic plasticity
(Ronn et al., 1998, Sunshine et al., 1987).

e 008103144 is significantly hypomethylated in STR (P = 3.64E-08) and
located within the synaptopodin gene (SYNPO), a gene encoding an actin-
associated protein that plays a role in actin-based cell shape and motility that
has been shown to be differentially expressed in schizophrenia brains (Focking
et al., 2015).
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e Q22221320 is significantly hypermethylated in STR (P = 7.88E-08) and
located in the guanylate binding protein 4 (GBP4), a gene that has been found

to be differentially expressed in schizophrenia patients (Sanders et al., 2013).

e Also of interest is ¢cg15607358, which is hypermethylated in STR (P =
1.03E-05) and annotated to the solute carrier family 6-neurotransmitter
transporter GABA-member 13 (SLC6A13) gene, also known as GABA
transporter 2 (GAT2), which is a transporter of the key inhibitory
neurotransmitter GABA. The GABAergic system has been extensively
implicated in neurodevelopment and schizophrenia pathology (Schmidt and
Mirnics, 2015).

Other DMPs were also of potential interest in the context of schizophrenia such
as:

e Q20044211 is significantly hypermethylated in PFC (P = 7.54E-06) and
annotated to the gene body of the NOTCH4 gene, which is a member of the
NOTCH pathway with an important role in neurodevelopment (Lasky and Wu,
2005).

e 019028706 is significantly hypomethylated in PFC (P = 6.71E-06) and
annotated to the gene body of trafficking protein kinesin binding 1 (TRAK1).
This gene encodes a protein that complexes with the protein encoded by the
disrupted in schizophrenia 1 (DISC1) gene. A balanced translocation involving
DISC1 that segregates with several major psychiatric disorders including
schizophrenia has been intensively studied in a Scottish pedigree (St Clair et
al., 1990), although the involvement of this locus in the etiology of the disorder
remains controversial and common genetic variation in this region was not
identified in recent GWAS analyses (Schizophrenia Working Group of the
Psychiatric Genomics, 2014). The complex involving TRAK1 and DISC1 plays a
role in mitochondrial transport in neuronal axons (Ogawa et al., 2014, Norkett et
al., 2016)

e 910071493 is hypermethylated in PFC (P = 2.13E-06) and is annotated
to the calcium channel voltage-dependent T type alpha 1H subunit (CACNA1H)
gene in the GREAT annotation database (McLean et al., 2010) (the probes is
located 23726bp upstream the transcription start site of the gene) (see section

3.2.7 for details on the GREAT annotation). This gene encodes a protein in the
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voltage-dependent calcium channel complex, previously implicated in epilepsy
(Eckle et al., 2014).

e 910383028 probe is hypomethylated in HC (P = 5.30E-06) and
annotated to the transcription start site of the calcium voltage-gated channel
subunit alphal G (CACNALG) gene.

Notably, variation in other voltage-gated calcium channel genes has been
implicated in schizophrenia, including common genetic variants in CACNALC,
CACNB2 and CACNAL1I in the latest schizophrenia GWAS (Schizophrenia
Working Group of the Psychiatric Genomics, 2014).

Observed quantiles

Expected quantiles

Figure 3.20. Quantile-quantile plot for the prefrontal cortex (PFC) case-
control schizophrenia EWAS. Shown are the expected (x-axis) and observed
(y-axis) quantiles observed in the meta-analysis of the PFC of both the MRC
London Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada
Brain Bank. Blue shading indicates 95% confidence intervals. A = 1.18.
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Figure 3.21. Quantile-quantile plot for the striatum (STR) case-control
schizophrenia EWAS. Shown are the expected (x-axis) and observed (y-axis)
guantiles observed in the meta-analysis of the STR of both the MRC London
Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada Brain Bank.
Blue shading indicates 95% confidence intervals. A = 1.02.
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Figure 3.22. Quantile-quantile plot for the hippocampus (HC) case-control
schizophrenia EWAS. Shown are the expected (x-axis) and observed (y-axis)
guantiles observed in the linear regression analysis of the HC data from the
MRC London Neurodegenerative Diseases Brain Bank. Blue shading indicated

95% confidence intervals. A = 1.13.
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Figure 3.23. Quantile-quantile plot for the cerebellum (CER) case-control
schizophrenia EWAS. Shown are the expected (x-axis) and observed (y-axis)
guantiles observed in the meta-analysis of the CER of both the MRC London
Neurodegenerative Diseases Brain Bank and Douglas-Bell Canada Brain Bank.

Blue shading indicates 95% confidence intervals. A = 1.23.

©

-log10(P)
4
1

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 7 18 19 202122

Chromosome

Figure 3.24. Manhattan plot for the prefrontal cortex (PFC) case-control
schizophrenia EWAS. Shown are the -log;o(P-values) (y-axis) of the meta-
analysis of the PFC of both the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain Bank by chromosomal position (x-
axis). The horizontal line indicates a stringent multiple-testing significance
threshold (P = 1.66E-07) (see section 3.2.8).
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Figure 3.25. Manhattan plot for the striatum (STR) case-control
schizophrenia EWAS. Shown are the -logio(P-values) (y-axis) of the meta-
analysis of the STR of both the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain Bank by chromosomal position (x-
axis). The horizontal line indicates a stringent multiple-testing significance
threshold (P = 1.66E-07) (see section 3.2.8).
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Figure 3.26. Manhattan plot for the hippocampus (HC) case-control
schizophrenia EWAS. Shown are the log;o(P-values) (y-axis) of the linear
regression analysis of the HC data from the MRC London Neurodegenerative
Diseases Brain Bank by chromosomal position (x-axis). The horizontal line
indicates a stringent multiple-testing significance threshold (P = 1.66E-07) (see

section 3.2.8).
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Figure 3.27. Manhattan plot for the cerebellum (CER) case-control
schizophrenia EWAS. Shown are the -logio(P-values) (y-axis) of the meta-
analysis of the CER of both the MRC London Neurodegenerative Diseases
Brain Bank and Douglas-Bell Canada Brain Bank by chromosomal position (x-
axis). The horizontal line indicates a stringent multiple-testing significance
threshold (P = 1.66E-07) (see section 3.2.8).
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