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Abstract

Abdominal aortic aneurysm (AAA) is a complex disease characterised by the irreversible
dilation of the abdominal aorta. Little is known about its epigenetic basis, and DNA

methylation is the most extensively studied epigenetic mechanism.

Global methylation was assessed in peripheral blood mononuclear cell (PBMC) DNA
from 185 people using enzyme-linked immunosorbent assays (ELISAS), identifying
global hypermethylation in those with a large AAA, and a linear association with

increasing AAA diameter.

The regulatory regions of genes proximal to AAA genomic risk loci were then bisulphite
sequenced using next-generation sequencing (NGS) in PBMC DNA from 96 people and
vascular smooth muscle cell (VSMC) DNA from 44 people. In PBMCs,
hypermethylation in individuals with AAA was seen in LDLR, SORT1 and IL6R. In
VSMCs, the same region in IL6R was hypermethylated and differential methylation was
also observed in ERG, SERPINB9, and SMYD2.

ELISAs were conducted on plasma from the same PBMC samples to corroborate the
methylation patterns seen in LDLR, IL6R and SORT1, where there was a reduction in
circulating IL6R. Gene expression analysis was also performed on mRNA from the
VSMCs. SERPINB9 was downregulated in AAA but independently of DNA methylation,
and a relationship between SMYD2 promoter hypo-methylation and decreased SMYD2
gene expression was shown. Downregulation of SMYD2 in AAA was further

corroborated in 6 whole aortic tissue samples using immunohistochemistry.

This PhD has illustrated a significant original contribution to knowledge at each stage.
Global and gene specific DNA methylation changes are associated with AAA and could
be involved in disease pathobiology. This is the first work to assess DNA methylation in
AAA using NGS, and the first to assess methylation in VSMCs. In particular,
methylation status of the SMYD2 promoter could be a causal factor of decreased SMYD2
expression, which has previously been implicated in adverse cardiovascular physiology

and increased inflammation.



Acknowledgements

Primarily 1 would like to express gratitude to my supervisor Professor Matt Bown.
Without his continuous guidance, time and expertise | would not be where 1 am now, and
for which I am sincerely thankful. I would also like to thank Mr Athanasios Saratzis and
Dr Eamonn Mallon for acting as secondary supervisors and providing support whenever |

needed it.

There are many other people who helped me throughout this process at specific stages;
particularly Ana Verissimo for helping me settle in when | first started, Nicolas Sylvius
and Peter Freeman for assisting me with next-generation sequencing assays, Matt Blades
for bioinformatics support, Jonathan Barber for teaching me cell culture, the UKAGS
team for helping with sample recruitment, and the patients who donated their blood and

tissue which | used for this research.

Finally I would like to acknowledge and thank the Department of Cardiovascular

Sciences, University of Leicester, for awarding me this studentship opportunity.



Contents

Investigating the role of DNA methylation in abdominal aortic aneurysms.................... i
LISt OF FIGUIES. . .oveeiiiie ittt e st et e esaeesaesne e raeneaneenn iX
LISt OF TADIES......ee et e e XV
F N o] o] 1A AT AT ] TSRS Xviil
Publications resulting from PhD StUdIE€S...........ccoviieiiiicieec e XXi
Conference presentations during PhD STUdIES..........cccoririiiiininiiieie e XXii
1. Chapter 1 - INTrOUCTION. ......ciiieieie et 1
1.1. Introduction to aortic aneurysmal diSEaSE ..........cccoeeririririiiieiee s 2
1.2. Abdominal aortic aneurySmM (AAA) ..ot 2
1.2.1. AAA PANOGENESIS ...vviveeieeie ettt ettt e re e nreas 3
1.2.2. RiSK TaCtOrs TOr AAA ...t 4
1.3. AAA and atheroSCIEIOSIS .....c.veveieiiiieitieieie et et 5
1.3.1. Clinical risk factors and epidemiology of AAA and atherosclerosis ................ 6
1.3.2. The Protective Role of Diabetes Mellitus in AAA ..., 7
1.3. Thoracic aortic aneurySmM (TAA) ..ot 10
1.4. Genetic basis of aortic aneurysmal diSEase ...........cccovvriririiieiene e 12
1.4.1. GENELICS OF AAA ..ottt et sraeae e e reeee e 14
1.4.2 GENELICS OF TAA .. ettt sraeteene e reenee e 19
1.5. Epigenetics and DNA Methylation ..o 25
1.6. Methylation quantitative trait 10Ci (MEQTL)......cccoviiiiiiiriieee e 27
1.7. DNA methylation in cardiovascular diSEase............coourvririiiierene i 30
1.8. DNA Methylation INAAA ...ttt 31
1.8.1. DNA methylation and matrix degradation ............ccocevverienininninnine e, 32



1.8.2. DNA methylation and inflammation .............ccccccevveiiiieccce e 33

1.8.3. DNA methylation and SmoKing..........cccccvevieieiieiieeie e 34
1.8.4. DNA methylation and ageing ........cccveveiiiiierieiie e 35
1.8.5. DNA methylation and hOmOCYStEINE..........ceevveiieiieii e 36
1.9. EPIQENEtiC trEAtMENTS. ....cueiiieeieieeeiee sttt 38
L.11. CONCIUSION ...ttt bbb 40
L2, AIIMIS bbbttt b bbbttt bbb bRt e s 41
. Chapter 2 - MethodolOgy ......c..ooveiiiiiiiiie s 44
pZ0 I 0T o0 = U1 o USSP 45
2.2. Vascular smooth muscle cell CUItUIe ..., 46
2.3, DINA XITACTION. ...ttt bbbt 47
2.4. Global methylation analysis in peripheral blood DNA ..., 48
2.5. Homocysteine analysis in blood plasma...........ccoiiiiiiiiiiien e 50
2.6. Bisulphite conversion of DNA fOr SEQUENCING........civrreieierieriese s 51
2.8. Bisulphite specific PCR fOr SEQUENCING .......ooviiviriiiiiieiieieieie e 54
2.9. Agarose gel eleCtropNOrESIS........cviiiiiieieier s 55
2.10. Cleaning of PCR amplicons and pooling for sequencing library preparation......56
2.11. Ligation of adaptors and barcoding for multiplex sequencing .............cccccccveeneen. 57
2.11.1. AdAptor HQatioN .........ccuviieiiecie et 57
2.11.2. Cleanup of adaptor [igations............cceecveiieiiie i 59
2.11.3. PCR enrichment of adaptor ligated DNA (barcoding) ........cccccoevvveivveiinennne. 60
2.12. Agilent Bioanalyzer analysis for SEQUENCING ......ccceevveiieiiiieiie e 68
2.13. Next generation sequencing (NGS) — HHlumina Mi-Seq.........cccceevvevieiieesieeinnnnn, 71
2.14. Bioinformatics analysis of sequencing data ...........cccccveveeiiieiie e 77
2.14.1. Statistical analysis of SeqUENCING data...........cccurvriirieiiiene e 84
2.15. Summary of NGS WOrKFIOW ..........cooviiiiiiiic s 85



2.16. Blood plasma protein analysis (ELISAS) for functional corroboration of PBMC

differential MEtNYIALION ..........ccooiiiii e 87
2.17. RNA extraction for gene expression analysis in VSMCS..........c.ccoccoovviiinicienns 88
2.18. Genomic DNA digestion to remove contaminating DNA..........ccccooeiiniiiiennn. 89
2.19. CDNA synthesis fOr QPCR .........oiiiiiieiiee s 89

2.20. TagMan gene expression analysis (QPCR) for functional corroboration of VSMC

differential MEtNYIALION ..........ccooiiii e 90
2.21. Immunohistochemistry to assess protein expression in aortic tissues.................. 93
2.22. Summary of statistical analySIS ..........ccceeiiiiiiiieiiie e 94
. Chapter 3 — ReSUItS SECHION L........ccviiieiicie e 95
3L INEFOTUCTION. ...ttt bbbt 96
B L L AIMIS et bbbt 97

3. 1.2, ODJECHIVES ...ttt bbbt 97
3.1.3. HYPOLNESES. ...ttt ettt reeeae e 98
3.2, POPUIALION ... re e 98
3.3. Global DNA methylation analysiS..........c.cccveiiiiiiieie e 100
3.4. Circulating blood plasma homocysteine analysis...........ccccovveveiieiecie i 106
3.5, CONCIUSION ...t 108
Chapter 4 — ReSUILS SECLION 2........ccouiiiiiiiecie ettt 110
AL INEFOAUCTION. ...ttt et 111
Ot I N | o TSRS 113
4.1.2. ODJECHIVES ..ottt 113
4.1.3. HYPOUNESES. .....veiiiie ittt e et te e saae e beennee s 114
A oo o0 = [0 o PSPPSR 114
4.3. Targeted bisulphite sequencing of PBMC DNA from AAA and controls........... 115
4.3.1. Genes for PBMC SEQUENCING.......cciuiiiiieiieiieeieesre et see st see et siee e ia e 116
4.4. DNA methylation status of candidate gene regions in PBMCs...........ccccceveenee. 120



AT TLOR QBNE....eiiiiiie ittt rre e 123

4.4.2 SORTL QENE ..ottt nnne s 126
A3 LDLR QBNE ..ottt ittt ettt 129
4.4.4 CDKNZB gENE ...ttt 133
445 SPAGLT GBNE ...ttt e 135
4.4.6 GDF7 BNE.....oiiiiiiei e 137
447 MMPO GEBNE.....oiiiiiiiiiee e 139
A48 ERG BNE ...ttt 141

A 4.9 LRPL BNE...ccuiiiieiiietieee et 143
4.5, CONCIUSION ...ttt 145
5. Chapter 5 — ReSUILS SECLION 3........cciiiiiieiice et 148
5.1, INETOTUCTION. ...ttt bbbt 149
S T0 00 N 1 L S 150
5.1.2. ODJECLIVES ...ttt bbbttt bbbt 150
5.1.3. HYPOTNESES ...ttt 150
5.2, POPUIBLION ...ttt 151
5.3. Genes for VSMC SEQUENCING @SSAY ....vuverrrrreeerierieriesienieeeeneesiesiessessessessessesneenens 152
5.4. DNA methylation status of candidate gene regions in VSMCS .............cccceveunenne. 156
T I S o[- =P 159
5.4.2. ILBR GBNE ...ttt ettt 164
5.4.3. SERPINBO GENE ...ttt 167

5. 4.4, SIMYDZ QBN ...ttt nnee s 170

5. 4.5. DABZIP QBNE ...ttt 173
5.4.6. LDLR QBNE ....oviiiiie ettt 177
5.4.7. MMPO BNE... .ottt ettt et b e beenree s 179
5.4.8. LRPL GBNA.... ittt 181
0.4.9. SORTIL GENE ..ottt nne s 183



5.5. Comparing DNA methylation profiles in PBMC and VSMC DNA .................. 185

5.5.1. ERG COMPAIISON .....veiviiiiiiiieiesieese et ste et ae e sta e ste e e esna e nns 186
5.5.2. ILBR COMPAIISON.....uiiuiiiiieiiiiesieesieeiesee e eae s e ste e sseesre e e ste e sneesraeneennes 188
5.5.3. LDLR COMPAIISON ....ccuiiiiieiieiesieesieeiesiee et ee e esae e ste e e e eneesnaesnaennennes 190
5.5.4. LRPL COMPAIISON. ....cuvitiiiiiitieiesiieiieie ettt 192
5.5.5. SORTL COMPAITSON ....ouvirtitiiieiesieeiieie etttk ettt bbb 194
5.6, CONCIUSION ...ttt 196
. Chapter 6 — ReSUILS SECLION 4......cc.oiuiiiiiiiieeeee e 199
B.1. INErOAUCTION. ....eiteieeieie et 200
6.1.1 Aims for Chapter 6 — ReSUlts SECtiON 4 .........ccceevveieiie e 201
6.1.2. Objectives for Chapter 6 — Results Section 4...........cccevvevviieneiic e 201
6.1.3. Hypotheses for Chapter 6 — Results SeCtion 4 ..........cccoocvevvvieieeieciie e 201
6.2. Plasma protein analysis to corroborate PBMC methylation...........ccccccccevvennne. 202
6.2.1. IL6R blood plasma analysiS..........ccceieririiiniiininieee e 204
6.2.2. LDLR blood plasma analysis..........cccoereiiriiiiiiiiieiceee e 206
6.2.3. SORT1 blood plasma analysSiS..........coerereririniniiieieesese e 208
6.2.4. LDL blood plasma analySis .........ccccuereriririniiinenieieie e 210
6.3. Gene expression analysis to corroborate VSMC methylation................cccceveneeee. 213
6.3.1. Gene expression and DNA methylation analysis ..........ccccccoveveeieiiciveenee 216
6.4. Immunohistochemistry to assess SMYD2 in aortic tiSSUE...........ccccuvevvevieiiieeninenn 221
6.5, CONCIUSION ...t 223
. Chapter 7 - DISCUSSION......c.uiiiieiiee ittt sttt et saae st e et eebe e sneeabeesnee s 226
7.1. Summary of the potential role of DNA methylation in AAA ..........ccocvviiiiien. 227
7.2. SUMMArY OF FINGINGS ..cvveiiieieiee e 228
7.3. Discussion of value and implications of findings...........cccccoeviiiieiiiiiii e, 232
7.3.1. Global DNA methylation and homocysteine..........ccccevveiieeiie i, 232
7.3.2. PBMC DNA bisulphite SEQUENCING.......cceeiiiieiiiieiieieeee e 233



7.3.3. VSMC DNA bisulphite SEQUENCING ......covveieiieiiee e 235

7.4, Limitations and fULUre WOTK .........ccooeiiiiinei e 239
Appendix | — Reference sequence for PBMC NGS bioinformatics ...........cccceevevvennne. 244
Appendix Il — Reference sequence for VSMC NGS bioinformatics.............c.ccocevvvenennn. 249
RETEIENCES. ...ttt bbbt 257

viii



List of Figures

Figure 1 — Illustration of the aorta, sites of aortic aneurysmal formation and cross section

(0 1T o] - PP 10
Figure 2 — Genes associated with AAA in large genome wide studies ..................... 17

Figure 3 — Karyotype schema of abdominal aortic aneurysm (AAA) and thoracic aortic

aneurysm (TAA) FISK TOCT ... e, 24
Figure 4 — Overview of epigenetic mechanisms .................cooiiiiiiiiiiiiiiiina, 26

Figure 5 - Visual representation of methylation quantitative loci (meQTL) ............... 29
Figure 6 — Overview of the role of DNA methylation in AAA ..., 37
Figure 7 — Summary flow chart of work conducted inthisPhD ............................. 43
Figure 8 - The effects of sodium bisulphite on DNA ...t D2

Figure 9 - Visual representation of adaptor ligation during sequencing library preparation

......................................................................................................... 58
Figure 10 - Suggested set up of dual index strategy to ‘barcode’ DNA samples .......... 64
Figure 11 - Plate layout for barcoding of PBMC samples for sequencing ................. 65
Figure 12 - Plate layout for barcoding of VSMC samples for sequencing ................. 66
Figure 13 — Data output from 2100 Agilent Bioanalyzer ...............cccooeiiiiiiiininnnn. 69

Figure 14 — Principle of ddNTP base terminators in sequencing by synthesis reactions 71

Figure 15 - Summary of how Illumina NGS Works .............cooiiiiiiiiiiiee, 73
Figure 16 — Photograph of HHluminami-seq ..........ccooviiriiiiiii e, 76
Figure 17 - Bioinformatics command list ..o 80
Figure 18 - Summary of bioinformatics workflow and data analysis ..................... 81



Figure 19 - Screenshot from IGV software used to visually map high quality sequencing

reads to the reference sequence for the LDLR gene promoter ................coeevvevininnnn. 82

Figure 20 - A higher resolution screen shot displaying individual bases from mapped

sequencing reads to the reference sequence in the LDLR gene promoter.................. 83

Figure 21 — Summary flow-chart of all the methodologies adopted to complete the next-

generation SequUeNCINg EXPEIIMENTS ........ouit it e, 86
Figure 22 — Global DNA methylation analysis .............cccooviiiiiiiiiiiiiiiea, 100

Figure 23 - The linear relationship between AAA size and global DNA methylation ...102

Figure 24 - Smoking status and global DNA methylation .....................cos 104
Figure 25 — Global DNA methylation in ex-smokers vs current smokers ............... 105
Figure 26 - Homocysteine analysis in AAA and controls ..................cooooviviiinee. 106
Figure 27 — Global DNA methylation and homocysteine in AAA and controls ........ 107
Figure 28 — Sequencing coverage of candidate genes inPBMC DNA .................. 121

Figure 29 - Schematic representation of the sequenced region of the IL6R gene in PBMC

ANA VSIMC DN A e 123
Figure 30 - DNA methylation status of the IL6R gene promoter in PBMC DNA ........ 124

Figure 31 - Schematic representation of the sequenced region of the SORTL1 gene in

PBMC and VSMC DNA ... e 126
Figure 32 - DNA methylation status of the SORT1 gene promoter in PBMC DNA .....127

Figure 33 - Schematic representation of the sequenced region of the LDLR gene in

PBMC DINA 129



Figure 35 - Schematic representation of the sequenced region of the CDKN2B gene in

PBIMC DN A e 133
Figure 36 - DNA methylation status of the CDKN2B gene promoter in PBMC DNA ..134

Figure 37 - Schematic representation of the sequenced region of the SPAG17 gene in

PBIMC DN A e e, 135
Figure 38 - DNA methylation status of the SPAG17 gene promoter in PBMC DNA ...136

Figure 39 - Schematic representation of the sequenced region of the CDKN2B gene in

PBIMC DN A oo s 137
Figure 40 - DNA methylation status of the GDF7 gene promoter in PBMC DNA ....... 138

Figure 41 - Schematic representation of the sequenced region of the MMP9 gene in

PBMC and VSMC DNA ... 139
Figure 42 - DNA methylation status of the MMP9 gene promoter in PBMC DNA ......140

Figure 43 - Schematic representation of the sequenced region of the ERG gene in PBMC

Figure 44 - DNA methylation status of the ERG gene promoter in PBMC DNA .......... 142

Figure 45 - Schematic representation of the sequenced region of the LRP1 gene in PBMC

Figure 46 - DNA methylation status of the LRP1 gene promoter in PBMC DNA ........ 144
Figure 47 - Manhattan plot from GWAS meta-analysis ........................................153
Figure 48 - Sequencing coverage of candidate genes in VSMC DNA ..........cccccevevinn. 157

Figure 49 - Schematic representation of the sequenced region of the ERG gene in VSMC

Xi



Figure 50 - DNA methylation status of one of two ERG gene promoters in VSMC DNA

Figure 52 - DNA methylation status of the IL6R gene promoter in VSMC DNA ....... 165

Figure 53 - Schematic representation of the sequenced region of the SERPINB9 gene in

VSMC DN A s 167
Figure 54 - DNA methylation status of the SERPINB9 gene in VSMC DNA ............. 168

Figure 55 - Schematic representation of the sequenced region of the SMYD2 gene in

VS C DN A e 170
Figure 56 - DNA methylation status of the SMYD2 gene in VSMC DNA .................. 171

Figure 57 - Schematic representation of the sequenced region of the DAB2IP gene in

NS C DN A 173

Figure 58 - DNA methylation status in one of two DAB2IP gene promoters in VSMC

Figure 60 - Schematic representation of the sequenced region of the LDLR gene in

NS C DN A 177
Figure 61 - DNA methylation status of the LDLR gene promoter in VSMC DNA .....178
Figure 62 - DNA methylation status of the MMP9 gene promoter in VSMC DNA ....180

Figure 63 - Schematic representation of the sequenced region of the LRP1 gene in VSMC

Xii



Figure 64 - DNA methylation status of the LRP1 gene promoter in VSMC DNA ........ 182
Figure 65 - DNA methylation status of the SORT1 gene promoter in VSMC DNA .....184
Figure 66 — Comparison of PBMC and VSMC DNA methylation status in ERG ......... 186
Figure 67 — Comparison of PBMC and VSMC DNA methylation status in IL6R ......... 188
Figure 68 — Comparison of PBMC and VSMC DNA methylation status in LDLR ....... 190
Figure 69 — Comparison of PBMC and VSMC DNA methylation status in LRP1 ........ 192
Figure 70 — Comparison of PBMC and VSMC DNA methylation status in SORTL1 .....194
Figure 71 — IL6R blood plasma concentrations of 20 AAA and 20 controls ................. 204

Figure 72 - Linear relationship between IL6R blood plasma and IL6R gene promoter
MELNYIALION ... . 205

Figure 73 — LDLR blood plasma concentrations of 20 AAA and 20 controls ............ 206

Figure 74 - Linear relationship between LDLR blood plasma and LDLR gene promoter
differential methylation ... 207

Figure 75 — SORT1 blood plasma concentrations of 20 AAA and 20 controls .............. 208

Figure 76 - Linear relationship between SORT1 blood plasma and SORT1 gene promoter
differential methylation ... 209

Figure 77 — LDL blood plasma concentrations of 20 AAA and 20 controls .................. 210

Figure 78 - Linear relationship between LDL blood plasma and SORT1 gene promoter
differential methylation ... 211

Figure 79 - Linear relationship between LDL blood plasma and LDLR gene promoter

differential methylation ... 0. 212

Figure 80 - Gene expression values of differentially methylated genes in VSMCs ....... 214

Xiil



Figure 81 - Linear regression between gene expression and mean DNA hypermethylation

Figure 83 - Linear regression between gene expression and mean DNA hypermethylation

N SERPINB ... 218

Figure 84 - Linear regression between gene expression and mean DNA hypo-methylation

N SERPINB ... 219

Figure 85 - Linear relationship between gene expression and mean DNA methylation in

Xiv



List of Tables

Table 1 — Epidemiology and risk factors associated with AAA and atherosclerotic plaques

Table 2 - Summary of differences between common epidemiological and risk factors

associated with abdominal and thoracic aortic aneurysms ................ccooviviinnnn. 13
Table 3 — Genetics Of AAA SUMMANY .. .coouinriitie it 18
Table 4 — Genetics of TAA SUMMAIY ....ouoiriiei i, 23
Table 5 - Bisulphite specific PCR cycling conditions ...................c.cooociiiinn. 55
Table 6 - i5 primer index sequences for multiplex sequencing ................cccoeevennn.. 61
Table 7 —i7 primer index sequences for multiplex sequencing ................ccoeeenenn.. 62
Table 8 — Cycling conditions for PCR enrichment of adaptor ligated DNA ............... 67
Table 9 — NormFinder results for potential housekeeper genes ................cc.ooeeeeene. 91
Table 10 - TagMan gene expression gPCR cycling conditions .............................. 92

Table 11 - Demographic summary of samples used for peripheral blood global DNA
MeEthylation anNalySIS ........o.oirii i e 98

Table 12 - Demographic summary of samples used for homocysteine analysis in blood

Table 13 - Demographic summary of samples where peripheral blood cell DNA was

bisulphite treated and used for next generation SeqUENCING ............ccevvvvvinennnnnn. 114
Table 14 - Summary of provisional GWAS meta-analysis results ........................ 116
Table 15 - Candidate genes for peripheral blood DNA bisulphite sequencing............ 118
Table 16 - Primers designed at targeted gene loci that were not successful ............ 119

Table 17 — Descriptive statistics of the differentially methylated CpGs in IL6R after
PBIMC SEBAUENCING ...ttt ettt et et e et et e et e e et e 125

XV



Table 18 — Descriptive statistics of the differentially methylated CpGs in LDLR after
PBIMC SEAUENCING ... vttt ettt et et e e et e e et e et e e et 128

Table 19 — PBMC sequencing descriptive statistics of the differentially methylated CpGs
in LDLR

NGS

Table 21 - Candidate genes for vascular cell DNA bisulphite sequencing ............... 154
Table 22 - Unsuccessful primers designed for bisulphite PCR at targeted gene loci ...155

Table 23 — Descriptive statistics of the differentially methylated CpGs in ERG after

VSMC sequencing
....................................................................................................... 163
Table 24 — Descriptive statistics of the differentially methylated CpGs in IL6R after
VVSMC sequencing
...................................................................................................... 166

Table 25 — Descriptive statistics of the differentially methylated CpGs in SERPINB9 after
VSMC sequencing

Table 26 — Descriptive statistics of the differentially methylated CpGs in SMYD?2 after
VSMC sequencing

Table 27 — Descriptive statistics of the differentially methylated CpGs in ERG after
comparison of PBMC and VSMC SeqUENCING .......cviviiririiiiiiiiieieiaaenes 187

Table 28 — Descriptive statistics of the differentially methylated CpGs in IL6R after
comparison of PBMC and VSMC SeqUENCING ........c.oviriiriniiiiiiiieeieeeeien, 189

Table 29 — Descriptive statistics of the differentially methylated CpGs in LDLR after
comparison of PBMC and VSMC SEqQUENCING ......c.oevtieiiriieiiieeeieeeieaeennnns 191



Table 30 — Descriptive statistics of the differentially methylated CpGs in LRP1 after
comparison of PBMC and VSMC SeqUENCING ........c.oviriiriieiiiiiiiiii e, 193

Table 31 — Descriptive statistics of the differentially methylated CpGs in SORT1 after
comparison of PBMC and VSMC SeqUeNCing ...........o.evveiiriniiniiianinnannnne. 195

Table 32 - Demographic summary of samples which were used to assess blood plasma
protein concentrations of SORTL, LDLR, LDL and IL6R ...............ccoeivinnenn.n. 203

Table 33 - Descriptive statistics of the blood plasma assays to corroborate methylation in
PBMCs

Table 34 - Descriptive statistics of the gene expression assays to corroborate methylation
in VSMCs

XVii



Abbreviations
AAA Abdominal aortic aneurysm
CAD Coronary artery disease

CDKN2B Cyclin dependent kinase inhibitor 2B

CDNA Complementary DNA

CKD Chronic kidney disease

CRP C reactive protein

CpG Cytosine-phosphate-Guanine
Ct Cycle threshold

CvD Cardiovascular disease

DAB2IP DAB?2 interacting protein

DNTP Deoxynucleotide

DDNTP Di-deoxynucleotide

DM Diabetes Mellitus

DMR Differentially methylated region
DNMT DNA methyltransferase

ECM Extra-cellular matrix

ERG ETS-related gene

EQTL Expression quantitative trait loci
EWAS Epi-genome wide association study
FBN1 Fibrilin 1

FDR False discovery rate

XViii



GDF7
GWAS
HAT
HRP
IHD
IL6R
IL-6
IGV
IQR
LDL
LDLR
LINE-1
LRP1
LS
MeQTL
MFS
MMP
NGS
NIHR
oD
OR
PBMC

PBS

Growth Differentiation Factor 7
Genome wide association study
Histone acetyletransferase
Horseradish peroxidase

Ischemic heart disease

Interleukin 6 receptor

Interleukin 6

Interactive genome browser
Interquartile range

Low density lipoprotein
Low-density lipoprotein receptor
Long interspersed nucleotide element-1
Low density lipoprotein receptor-related protein 1
Lost significance

Methylation quantitative trait loci
Marfan syndrome

Matrix metalloproteinase
Next-generation sequencing
National institute for health research
Optical density

Odds ratio

Peripheral blood mononuclear cell

Phosphate buffer saline

Xix



PCR
QPCR
RT-qPCR
SAM

SD

SE
SERPINB9
SMYD2
SPAG17
SNP
SORT1
TAA
TAD
TAAD
TAE
TIMP
TGF

TNF
UKAGS
VSMC

WGBS

Polymerase chain reaction

quantitative PCR

Reverse transcription PCR
S-adenosylmethionine

Standard deviation

Standard error

Serpin family B member 9

SET and MYND domain containing 2
Sperm Associated Antigen 17

Single nucleotide polymorphism
Sortilin 1

Thoracic aortic aneurysm

Thoracic aortic dissection

Thoracic aortic aneurysm and dissection
Tris acetate EDTA

Tissue inhibitor of matrix metalloproteinase
Transforming growth factor

Tumour necrosis factor

UK aneurysm growth study

Vascular smooth muscle cell

Whole genome bisulphite sequencing

XX



Publications resulting from PhD studies

Toghill BJ, Saratzis A, Sylvius N, Freeman PJ, UKAGS collaborators, Bown MJ (2018).
SMYD2 promoter hypo-methylation is associated with abdominal aortic aneurysm and
SMYD2 expression in vascular smooth muscle cells. Clinical epigenetics. 10: 29. doi:

10.1186/s13148-018-0460-9.

Toghill BJ, Saratzis A, Bown MJ (2016). Abdominal Aortic Aneurysm — an independent

disease to atherosclerosis? Cardiovascular pathology. 27: 71-75.

Toghill BJ, Saratzis A, Liyanage LS, Sidloff D, Bown MJ (2016). Genetics of aortic
aneurysmal disease. Encyclopedia of life sciences (ELS). DOI:

10.1002/9780470015902.a0026851.

Toghill BJ, Saratzis A, Harrison SC, Verissimo AR, Mallon EB, Bown MJ (2015). The
potential role of DNA methylation in the pathogenesis of abdominal aortic aneurysm.

Atherosclerosis. 241: 121-129.

XXI



Conference presentations during PhD studies

Midlands Academy of Medical Sciences Research Festival — Loughborough University —

23/03/2018

Abstract — oral presentation: Toghill BJ, Saratzis A, Sylvius N, Freeman PJ, UKAGS
collaborators, Bown MJ (2018). SMYD2 promoter hypo-methylation is associated with
abdominal aortic aneurysm and SMYD2 expression in vascular smooth muscle cells.

Clinical epigenetics. 10: 29. doi: 10.1186/s13148-018-0460-9.

5" International Meeting on Aortic Diseases 2016 — Crowne Plaza Liege, Belgium —

15/09/2016

Abstract - oral presentation: Toghill BJ, Saratzis A, Sayers R, UKAGS collaborators,
Bown MJ. Global and gene specific DNA hypermethylation is associated with

Abdominal Aortic Aneurysms. Aorta. http://aorta.scienceinternational.org/abstracts/2016-

imad-abstracts.

The Society of Academic & Research Surgery — Royal College of Surgeons London —

06/01/2016

Abstract - oral presentation: Toghill BJ, Saratzis A, Harrison SC, Samani NJ, Thompson
JR, Sayers R, Sweeting MJ, Bown MJ (2016). The role of DNA methylation in the
pathology of abdominal aortic aneurysms. SARS 2016 Meeting Abstracts, British Journal
of surgery. 103 (S3): 1-56.

Vascular society ASM 2015 — Bournemouth International Centre —11/11/2015

Abstract - oral presentation: Toghill BJ, Saratzis A, Harrison S, Sayers R, Samani N,
Bown MJ (2016)._.Genome-wide DNA methylation is associated with abdominal aortic

aneurysm. SARS 2016 Meeting Abstracts, British Journal of surgery. 103 (S5): 5-30.

XXii


http://aorta.scienceinternational.org/abstracts/2016-imad-abstracts
http://aorta.scienceinternational.org/abstracts/2016-imad-abstracts

Chapter 1: Introduction

1. Chapter 1 - Introduction



Chapter 1: Introduction

1.1. Introduction to aortic aneurysmal disease

Aortic aneurysmal disease is characterised by chronic mural degradation and expansion
of the aorta, leading to eventual rupture and death if left untreated. Aneurysms are
typically defined by an increase in arterial diameter of 1.5 times that of the normal artery,
and increased aneurysm size is strongly associated with increased risk of rupture!=.
Aortic aneurysmal disease is a life threatening condition for which there is currently no
effective non-surgical treatment. Rupture is characterised by massive internal aortic
hemorrhage and is an event that is frequently fatal. Patients are often asymptomatic until
rupture occurs®. Aneurysms present in the abdominal and thoracic aorta, referred to as

abdominal and thoracic aortic aneurysms (AAA and TAA respectively)®-2.

1.2. Abdominal aortic aneurysm (AAA)

This thesis will concentrate specifically on AAAs, which are responsible for over 3,000
deaths per annum in England and Wales, and approximately 2-4% of deaths in all
Caucasian males over the age of 65 years’. One strategy to prevent high mortality is
community screening to detect AAAS in asymptomatic patients before they cause death
by rupture®. The majority of AAAs pose no immediate risk; however, these may grow

over a number of years to a size where they do.

Individuals with AAA are typically asymptomatic before rupture®, and due to the long
period between AAA development and rupture®, screening using ultrasound can detect
AAA early and rupture can be prevented by surgical repair. A person with an AAA can
remain under surveillance until it reaches a diameter of >5.4 cm, when surgical repair is
often effective at preventing AAA-related mortality'® 1!, and screening can reduce AAA

related mortality by 50%*2.
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Previous studies have demonstrated that annual rupture rates are as high as 11% and 26%
for infrarenal AAAs with diameters of 5.5cm and 6.5cm respectively, and approximately
80% of all patients whose AAAs do rupture, die from the event! 4, A therapeutic
medical treatment target is therefore desired to remove the reliance on surgical treatment.
However as of yet, no successful pharmaco-therapeutic strategies have been identified.
The further identification of adverse genetic or epigenetic modifications directly linked to
patients with AAA could offer a more comprehensive understanding of AAA
pathobiology, and an alternative research avenue in the search for a potential future

treatment strategy> 1°.

1.2.1. AAA pathogenesis

Chronic inflammation, extracellular matrix (ECM) degradation, thrombosis and
haemodynamic forces are all important pathological hallmarks of AAA formation’-23,
Inflammation is the main driver of AAA development, contributing towards vascular
ECM remodelling and vascular smooth muscle cell (VSMC) death. The structural ECM
is a complex network of protein interactions with an essential need for constant
regulation. Degradation of the ECM is directly dependent on the counter balance between
matrix metalloproteinases (MMPSs) and tissue inhibitors of MMPs (TIMPS)?*. MMPs are
central in the regulation of the inflammatory response through pro-inflammatory

cytokine, chemokine and membrane receptor modification?®.

A chronic activation, expression, or secretion of MMPs at localised inflammatory sites
may have long term detrimental effects in the aorta. Excessive remodelling might explain
the severe medial thinning, but not the inflammation seen in biopsies of the walls of
advanced AAA?®. Several inflammatory cells have been demonstrated in AAA biopsies,
including; T and B lymphocytes, macrophages, neutrophils and mast cells?’. Specifically,

3
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monocytes/macrophages are involved in chronic vascular remodelling and subsequent

AAA expansiont® 28,

MMP-9 is a major secretion product of macrophages?®. Monocyte activity is modulated
by pro-inflammatory cytokines, growth factors and chemokines. These mediators allow
vessel wall endothelium interaction through the up-regulation of adhesion molecules®.
The increased production and activation of MMPs is a hallmark feature of AAA. MMPs
previously implicated include: MMP-1, -2, -3, -8, -9, -10, -12 and -13'®. Of particular
importance are elastases: MMP-2, -9 and -12. MMP-2 and -9 have catalytic ability to
cleave various substrates, including elastin and collagens. MMP-12 however, has a higher
specificity for elastin® 32, Aneurysmal formation is the end product of a complex
pathological process characterised by aortic wall connective tissue destruction. A range of
evidence suggests that chronic destruction/remodeling of the ECM, tunica media elastin
structures and reduction in VSMCs all have roles in AAA pathogenesis'® 32, The
presence of activated MMP-2 and -9 contributes to degradation of the vascular ECM and
the development of AAAs?°. MMP-12 knockout in mice demonstrate that lack of MMP-
12 expression results in the attenuation of aneurysm growth by a possible decrease in

macrophage recruitment®’.

1.2.2. Risk factors for AAA

AAA is a highly complex and multifactorial disease. Smoking, family history, male-sex,

age, and Caucasian ethnicity are the main risk-factors associated with AAA presence3+3'.

The strongest independent risk factor for developing AAA is smoking, which has been
identified in several epidemiological analyses of AAA and is a stronger risk factor for
AAA than for atherosclerosis®®°. In a large study including small (3-5.4cm) and large

AAAs (>5.4cm), 91.8% of 1090 AAA patients with aortic diameters of 4cm to 5.5cm
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were smokers or had a history of smoking*. In another study, of 15,475 patients with
small AAAs, current smoking was associated with an increased rate of expansion of 0.35

mm/year®®.

First degree relatives of patients with AAA have an increased risk of developing the
disease, and previous estimates have assessed overall heritability of at least 70%*" 42, The
most recent study was conducted on 414 twins with AAA, of which 69.8% were men and
30.2% women. The concordance rate in monozygotic twins was 30% compared with 12%
in dizygotic twins. In the heritability analysis, 77% of the total variance was explained by
additive genetic components and 23% was explained by non-shared environmental

factors*2. The genetic basis of AAA will be discussed extensively later in this Chapter.

Other important risk factors for AAA include age, ethnicity and male sex. Males are more
likely to develop AAA, and the general male: female ratio is around 6:1. In an analysis of
risk factors in a cohort of more than 3 million individuals the overall prevalence of AAA
was estimated at 2.8% for men aged 65 to 79 years of age*>. The same study also
identified that Blacks, Hispanics, and Asians had lower risk of AAA than Whites and
Native Americans. Other well-known risk factors were reaffirmed, including male sex,

family history, and cardiovascular disease*:.

1.3. AAA and atherosclerosis

Atherosclerosis is an important risk factor for AAA, which commonly co-exists in the
aneurysmal wall. The two diseases share a common aetiological basis, with the strongest
factors being genetic background, increasing age and smoking 3 4446, Previous studies
have also indicated the importance of increased haemodynamic force and

hypercholesterolemia in AAA risk?®: 3847,
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Collectively, all these factors promote destruction/weakening of the aortic wall,
predisposing to the effects of blood pressure and mechanical wall stress on the aorta,
resulting in its gradual irreversible dilation. The traditional notion that AAA is just a
result/manifestation of atherosclerosis has never been fully confirmed, and it is now more
commonly suggested that factors other than atherosclerosis can independently and
synergistically contribute towards AAA formation. This concept is debateable, but since
the topic was last reviewed in 2010%°, a variety of research has been published supporting

the idea.

1.3.1. Clinical risk factors and epidemiology of AAA and atherosclerosis

There are a range of studies based around the similarities and differences in epidemiology
and clinical risk factors associated with AAA and atherosclerosis. AAA prevalence was
significantly higher in patients with CAD versus those without, suggesting that CAD
represents a significant independent risk factor of AAA development*®. Two common
risk factors that are observed in AAA and atherosclerosis are cigarette smoking and male
gender, however these are much more dominant for AAA than they are for
atherosclerosis, and have been identified as risks for AAA independently of

atherosclerosis?® 49

In addition, hypercholesterolaemia is weakly associated with AAA but strongly linked to
atherosclerosis*’. Palazzuoli et al., (2008)* conducted a study on 98 AAA patients vs 82
people who were viewed as being at high cardiovascular risk (2 or more risk factors) and
observed that AAA patients displayed different risk factors, and also less risk factors than
those in the cardiovascular risk group with respect to atherosclerosis. Ito et al., (2008)*
studied the epidemiological differences in atherosclerotic profiles between 343 patients

with thoracic and abdominal aortic aneurysms (132 TAA and 211 AAA). The incidence
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of coronary artery disease (CAD) in people with AAA was 53%, highlighting that

atherosclerosis is not likely a causal event in AAA®.

The Tromsg study in 2010 investigated atherosclerosis and abdominal aortic diameter,
and whether atherosclerosis was a risk marker for AAA in 6,446 people (3,164 men and
3,282 women) from a general population. There was absence of a consistent dose-
response relationship between atherosclerosis and AAA diameter, and it was concluded
that the findings from this study indicate that atherosclerosis is not causal in AAA, but
more likely develops in parallel with or secondary to aneurismal dilatation®, which
appears consistent with many studies conducted in relation to the clinical risk factors and

epidemiology of the two diseases.

1.3.2. The Protective Role of Diabetes Mellitus in AAA

For several years epidemiological data has suggested that patients with diabetes mellitus
(DM) have a lower incidence of AAA%2>, Traditionally those with DM have at least a
tenfold risk for developing cardiovascular disease (CVD) in their lifetime®. The real
insight here is the contrasting role of DM in AAA to its causal role in atherosclerotic
disease, providing a convincing argument against the view that AAA is just a

manifestation of atherosclerosis.

A systematic review revealed that the prevalence of DM in patients with AAA was 6-
14%, whereas in control patients without AAA, prevalence ranged from 17-36%°. The
full biological aspect of this relationship is not yet known. Relevant research has
illustrated the involvement of DM mediated changes in extracellular matrix biology?®,
where the aortic media may be protected from degeneration in a hyperglycaemic

environment>. The main hallmark of diabetes is hyperglycaemia, which is associated
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with increased risk of atherosclerosis®, but has interestingly been found to limit

experimental aortic aneurysm progression®.

Miyama et al., (2010)°® induced AAA in hyperglycaemic mice to investigate blood
glucose and AAA progression. 14 days after AAA induction, hyperglycaemic mice
displayed a reduced level of AAA enlargement compared to euglycaemic mice, and the
lowering of serum glucose levels with insulin treatment diminished this protective
effect®. This study was the first to identify candidate mechanisms of hyperglycaemic
AAA suppression in vivo characterised by the attenuation of physiological features of
AAA including; reduced AAA diameter, mural neovascularization, macrophage

infiltration and medial elastolysis®®.

A full understanding of the processes involved in diabetic AAA suppression could
potentially be utilised as a therapeutic strategy i.e. as a preventative measure of AAA
progression and therefore reduce AAA associated mortality. This research is particularly
helpful in our understanding of the pathogenic mechanisms of AAA and atherosclerosis
and is possibly some of the strongest evidence that the two entities are to some extent

independent.

Table 1 illustrates a comparison of epidemiological and clinical risk factors associated

with populations of people with AAA and with established atherosclerotic plaques.
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Epidemiology and risk AAA Atherosclerosis
Smoking 88-920 1450 40% °
Gender ~6:1 male: female ratio 66% male *°
Ethnicity White (90%) White (58%) °°
Hypercholesterolemia 280 ©1 46% °
Hypertension 81% 82% ©2
Diabetes mellitus 11% 31% %
Co-morbidity Coronary artery disease in people with AAA was 27-53% 43 50
Genetic basis Shared and independent small effect genomic risk loci (susceptibility)
Epigenetic basis Global hypermethylation common, gene specific loci different

Table 1 — Epidemiology and risk factors associated with AAA and atherosclerotic plaques: Smoking,
being white and being male are all more pronounced risk factors (% of study population) in AAA than
atherosclerosis. However, hypercholesterolemia and diabetes mellitus appear higher risk for developing
atherosclerosis.
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1.3. Thoracic aortic aneurysm (TAA)

TAA is the enlargement of the thoracic aorta affecting the root, ascending aorta, or less
frequently the arch and descending aorta. TAA is commonly accompanied by thoracic
aortic dissection (TAD), which is often preceded by TAA. In TAD, blood is diverted
from its usual location within the lumen of the aorta into a false lumen within the media
through a tear in the intima® ®. TAD is a dangerous complication of thoracic aortic
disease, and is a medical emergency associated with high morbidity and mortality®®>. TAD
is often preceded by TAA, even when minimal dilation is evident and aneurysm diameter
is less than 5.5cm®. Therefore, risk of death is exacerbated in those with TAA when

accompanied with TAD.

In addition to this fundamental difference between AAA and TAA, the epidemiology,
risk factors, and genetic basis of disease are also different® due to changes in
composition of the aortic wall from thoracic to abdominal regions. The thoracic aorta has
a larger concentration of elastin, enabling it to withstand the increased pulse pressure
exerted against it, and allows conformational dilation during systole and contraction
during diastole. The thoracic regions of the aorta are derived from the neural crest during
development, whereas the abdominal aorta has a mesodermal origin. Additionally, the
physiological composition of collagen to elastin ratio decreases from the ascending aorta
through the descending aorta, whilst the media becomes thinner®’. These factors play a
role in the presentation of the two distinct pathologies, which is reflected in the genetic

basis of the two diseases.

For a diagrammatical illustration of AAA and TAA sites of development and a cross

section of the structure of the aorta, see Figure 1.
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Fig la Aortic arch Fig 1b

Ascending aorta
and elastic fibres

Aortic root

‘TAA—

Abdominal aorta

External elastic
membrane

Figure 1 — Illustration of the aorta, sites of aortic aneurysmal formation and cross section of the aorta
- Figure 1a: Labelled representation of abdominal aortic aneurysm (AAA) and thoracic aortic aneurysm
(TAA). TAA can develop in the aortic root, ascending aorta, or less frequently the arch and descending
aorta. Figure 1b: Labelled cross section of the structure of the aorta. The epidemiology, risk factors, and
genetic basis of disease are different between AAA and TAA due to change in composition of the aortic
wall from thoracic to abdominal regions, with the thoracic having a larger concentration of elastin, enabling
it to withstand the increased pulse pressure exerted against it, and allowing conformational dilation during
systole and contraction during diastole.
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1.4. Genetic basis of aortic aneurysmal disease

Classical studies of inheritance before the genomics revolution were based on approaches
of finding a single disease-causing gene. Since then it has become increasingly obvious
that only a small minority of diseases follow a Mendelian mode of monogenic
inheritance, and that several genes can interact and predispose to specific disease
phenotypes. Hence, there are monogenic diseases (caused by single gene mutations of

very large effect) and polygenic diseases (underpinned by many small effect loci).

Genome wide association studies (GWAS), whole genome sequencing, family linkage
studies and candidate gene studies adopting a case-control cohort design are the most
appropriate methodologies to study associations between gene variation and disease.
Family based linkage approaches (where entire multigenerational pedigrees are assessed
in regards to genetic variants) are powerful, but are unrealistic with regards to aneurysmal

disease given that it develops in older age, and sample numbers are generally low®,

For a summary of the key differences between risk factors and epidemiology commonly

associated with AAA and TAA, see table 2.
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Abdominal Aortic Aneurysm Thoracic Aortic Aneurysm

Prevalence/Incidence

~5% of population ¢° | 16.3/100,000 of population ©

Male/Female Ratio

~6:190 | ~2:17

Risk of Rupture

6.5 cm = 26% | 6cm = 3.6%

Screening in the UK

Yes (since 2013) | No

Family history

Less common - 15% of 1st degree relatives | More common - 20% of all TAAs are familial
72 73

Genetic Basis

Several small effect loci (susceptibility) Several large effect loci (often causal)

Coronary Artery Disease in those with AAA/TAA

53% °° | 23% *°

Smoking

88-92% % | 76% *°

Hypertension
81% % 91% %

Table 2 - Summary of differences between common epidemiological and risk factors associated with
abdominal and thoracic aortic aneurysms. AAA is more common in the general population, and
develops more in men than women. Genetic causal factors are more prominent in TAA aetiology, whereas
AAA is more multifactorial and significantly influenced by non-genetic risk factors, such as smoking.

13
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1.4.1. Genetics of AAA

Much of the literature relating to the genetic basis of AAA focuses on candidate gene
studies such as those encoding MMPs, lipid metabolism, interleukins and other key
mediators of the inflammatory response due to the underlying pathophysiology of AAA™
76, However, many of these studies are not sufficiently powered or have failed to yield
significant loci of interest with high odds ratios (OR) after meta-analyses or follow up®e.
For example, a variant in the IL10 promoter was identified as associated with AAA with
an OR of 1.8 in 100 AAA cases vs 100 controls, but when followed up in a larger,
independent study (389 AAA cases, 404 controls) and adjusted for demographic
covariates, no association was found®. This appears to be a recurring theme with smaller
scale candidate gene studies and clearly emphasises the advantage of higher powered

methodological techniques for studying disease association, such as GWASs.

By adopting a high-throughput genome wide approach, collaborative groups have
conducted a range of studies and identified true effect variation at a total of 10 genomic
loci for AAA. Gretarsdottir et al., (2010)"" identified that the A allele of rs7025486 on
9933 was associated with AAA, which is located within DAB2IP and encodes an
inhibitor of cell growth and survival. This analysis was conducted on 1,292 AAA and

30,503 controls, which was further validated in 3,267 AAA and 7,451 controls.

A discovery GWAS conducted by Bown et al., (2011)"® on 1866 patients with AAA and
5435 controls identified an association in intron 1 of the low-density lipoprotein receptor-
related protein 1 (LRP1) gene (rs1466535), which was validated in a combined follow up
of 6228 AAA and 49182 controls. LRP1 is a receptor involved in LDL cholesterol
metabolism. CC homozygotes displayed an increased LRP1 expression level compared to
TT homozygotes.

14
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Bradley et al., (2013)* observed that variation at rs6511720 in the low-density
lipoprotein receptor (LDLR) gene, which has previously been implicated in coronary
artery disease (CAD)*, was also associated with AAA. The study was conducted on 1830
AAA cases with infrarenal aorta diameters of >3cm or ruptured AAA and 5435 controls,
and rs6511720 was significantly associated overall in 3 of 5 individual replication

studies.

Jones et al., (2013)"® identified a genetic variant (rs599839) involved with AAA risk. The
rs599839 G allele near the Sortilin 1 (SORT1) gene, reached genome-wide significance in
11 combined independent cohorts (meta-analysis with 7048 AAA cases and 75 976
controls). This has been previously associated with abnormal SORT1 protein expression,
LDL blood cholesterol profile and CAD risk, but this association with AAA was
independent of other known cardiovascular risk factors, and therefore similarly to LRP1,

appears to be an independent risk for developing AAA.

Harrison et al., (2013)%° demonstrated that signalling via the IL-6R pathway is likely
involved in AAA, after a meta-analysis of 869 cases and 851 controls. Another meta-
analysis of 4524 AAA and 15,710 controls demonstrated that IL6R rs7529229 was

associated with lower risk of AAA.

Genetic variants at chromosomal region 9p21.38 are located away from known genes,
and CDKN2B-ASL1 is proposed as the best candidate (also known as ANRIL), which is a
non-coding RNA that regulates the expression of CDKN2B and CDKN2A epigenetically.
Leeper et al., (2013)%2 reported that CDKN2B knockout mice developed larger AAA as a

result of increased VSMC apoptosis.

More recently the most extensive genomic study of the genetic basis of AAA was

conducted in the form of a GWAS meta-analysis®. This study identified 4 new disease
15
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specific loci associated with AAA, in addition to corroborating the previously known
loci. These newly identified regions were 21g22.2 (ERG), 1932.3 (SMYD2), 13g12.11

(LINC00540) and 20q13.12 (near PCIF1/MMP9/ZNF335).

Genetic predisposition is one of the largest risk factors for AAA, and it is clear here how
the genes involved all relate to the underlying pathophysiology of the abdominal aortic
structure. Small scale studies with low power, or those that have failed to be replicated,
potentially indicating false positive results, have not been reported here. A summary of

the genetic basis of AAA can be observed in Figure 2 and Table 3.
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AAA

- DAB2IP

- LRP1

- LDLR

- SORT1

- CDKN2B-AS1
- IL6R Abdominal

- SMYD2 Aortic

- ERG Aneurysm
- LINC00540 4 /\

- PCIF/MMPY9/ZNF335 4 '5

Figure 2 — Genes associated with AAA in large genome wide studies: Summary of genomic risk loci
associated with abdominal aortic aneurysm (AAA): DAB?2 interacting protein (DAB2IP), low-density
lipoprotein receptor-related protein 1 (LRP1), low-density lipoprotein receptor; (LDLR), sortilin 1 (SORT1),
interleukin-6 receptor (IL6R), SET and MYND domain containing 2 (SMYD2), cyclin-dependent kinase
inhibitor 2B antisense RNA 1 (CDKN2B-AS1), ETS-related gene (ERG), long intergenic non-protein
coding RNA 540 (LINC00540) and Matrix metallopeptidase 9 (MMP9) / Zinc Finger Protein 335 (znf335) /
PDX1 C-Terminal Inhibiting Factor 1 (PCIF1). Figure adapted from Saratzis and Bown (2014)™.

17



Chapter 1: Introduction

Gene symbol Gene location NCBI gene ID Gene function
DAB2IP 9g33.1 153090 DAB2IP is a Ras GTPase-activating protein (GAP) that acts as a tumour suppressor.
Receptor involved in endocytosis of LDL, which is normally bound at the cell membrane
LDLR 19p13.2 3949 . o
and taken into the cell lysosomes where the protein is degraded.
Another LDLR receptor involved in several cellular processes e.g. intracellular signalling,
LRP1 12g13.3 4035 - . .
lipid homeostasis, and clearance of apoptotic cells.
Cell surface receptor involved in trafficking of different proteins to either the cell surface,
SORT1 1p13.3 6272 S i
or subcellular compartments (key role in lipid metabolism).
Functional RNA molecule that interacts with PRC1 and PRC2, leading to epigenetic
CDKNZ2B-AS1 9p21.3 100048912 . o
regulation of other genes in this cluster (CDKN2A/B).
Encodes a subunit of the interleukin 6 receptor complex, which is a potent cytokine that
IL6R 1g21 3570 . o . .
regulates cell growth differentiation and plays a role in the immune response.
Member of transcription factor family expressed in the nucleus. ERG is a key regulator
ERG 21922.2 2078 S . . .
of several biological processes. ERG is required for vascular cell remodelling
LINC00540 13g12.11 100506622 Non-coding RNA gene (not translated into a protein) with no currently known function.
May play arole in transcription elongation or in coupling transcription to pre-mRNA
PCIF1 20q13.12 63935 yP .y . p. . .ga Pang p. P .
processing through its association with the phosphorylated C-terminal domain.
Breakdown of fibrous tissue during extracellular matrix homeostasis. MM P9 degrades
MMP9 20g13.12 4318 S o
type IV and V collagens - abnormal M M P9 activity is implicated in disease.
Enhances transcriptional activation by ligand-bound nuclear hormone receptors and
ZNF335 20q13.12 63925 . . .
may function by altering local chromatin structure.
Responsible for catalysing lysine methy lation and is essentially involved in gene
SMYD2 1g32.3 56950 P ysIngly Y y ®

expression and chromatin organization pathways.

Table 3 — Genetics of AAA summary: Genes where mutations have been identified and are associated with the disease are listed with corresponding chromosomal locations,
NCBI gene ID and gene function. Gene specific information was acquired from the NCBI database: http://www.ncbi.nlm.nih.gov/gene.
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1.4.2 Genetics of TAA

TAA can also be multifactorial but is mainly a disease characterised by interaction
between genetics and haemodynamics and does not follow an aetiology of genetic
predisposition triggered by a range of alternative risk factors, such as those observed in
AAA. As a result, there are no high-yield risk factors that can be used for screening the
general population for TAA, and many people will continue to remain asymptomatic until
rupture or dissection causes death. Numerous studies have been conducted in the pursuit
of establishing the genetic basis of TAA and have resulted in the identification of a range
of genomic loci with higher individual effect sizes than those observed in AAA. For non-
syndromic and syndromic forms of TAA, a genetic basis has now been identified®.
Genetic screening for certain types of TAAs with a fully established genetic aetiology can

result in better identification, intervention and clinical outcome of patients®.

1.4.2.1. Syndromic TAA

Syndromic TAA is associated with several inherited connective tissue disorders as
mentioned previously®. Marfan syndrome (MFS) was associated with TAA first and is
historically known to be a result of mutations in the Fibrilin 1 (FBN1) gene, which
encodes an essential protein for the structure and subsequent functionality of the ECM.
Almost all the TAAs that result directly from MFS occur in the aortic root. Around 600
mutations were observed in FBN1 in patients with MFS®, suggesting that the multi-
systemic features of the condition are a direct result of this. More recently it has become
apparent that, not only do FBN1 mutations directly result in dysregulation of the ECM
structure, but ECM homeostasis also plays a significant role in MFS derived TAA,
through transforming growth factor-beta (TGF-B) signalling®’. TGF-B molecules are

cytokines that regulate embryonic development and adult tissue homeostasis through
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complex signalling cascades®. FBN1 mutations can disrupt normal TGF-p signalling by
increasing binding of ligand/receptor complexes, inducing TGF signalling events and

thus promoting aneurysm development®®,

Other gene mutations involved in transcriptional growth factor signalling pathways have
also been observed in a more recently defined condition called Loeys-Dietz syndrome
(LDS). Specifically, LDS is caused by mutation in TGF- receptors 1 and 2 (TGFBR1
and TGFBR2)®. The main shared symptom of MFS and LDS is TAA, and those with
LDS have other marfanoid symptoms, but LDS typically presents a more diverse
phenotypic array e.g. vascular disease in LDS is not confined to the aorta. Dissections
tend to occur in smaller aneurysms and at a younger age than MFS, and phenotypes
arising from mutations in the TGFBR2 gene display greater adversity than TGFBR1%. A
range of research has been conducted in subsequent years, highlighting the role of gene
variations that are a part of an inherited syndrome, and display a range of phenotypic
effects, but where TAA is one of the primary adverse consequences. The main genes

identified were: SMAD2, 3, 4, SKI, TGFB2, TGFB3, COL3A1, FLNA and EFEMP284 91-

93

There is strong evidence from studies investigating several inherited syndromes that
suggest a causal, Mendelian role involving a range of genetic variants in the aetiology of
TAA. The dysfunction of these genes disrupts the TGF-p pathway, in addition to the
disruption of the ECM and smooth muscle contractile apparatus, which results in

structural damage to the thoracic aorta, causing aneurysm/dissection.
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1.4.2.2. Non-syndromic TAA

Other studies have investigated the non-syndromic basis of TAA, which can be arbitrarily
split in two further groups; familial (more than one family member affected) and sporadic
(one family member affected). In the absence of a syndromic cause, it has been estimated
that 20% of TAA cases are familial®, meaning sporadic cases make up the majority of all
cases. Keramati et al., (2010)* conducted a GWAS on just 15 family members using an
autosomal dominant model of inheritance with incomplete penetrance. Three first degree
relatives had TAA, and none of the 15 had syndromic features. The study mapped TAA
to a single genomic locus on chromosome 15921 with a peak LOD score of 3.6 at FBN1,
suggesting that a familial, non-syndromic version of TAA had been observed. Following
this, in a multistage GWAS, LeMaire et al., (2011)*® compared 765 people with sporadic
TAA and 874 controls, again identifying variation at the 15921 region which was
associated with the disease. These SNPs all fell in to linkage disequilibrium within a large
region within FBN1, also responsible for causing syndromic TAA in MFS, therefore
suggesting a common pathogenesis between sporadic, familial and syndromic TAA. It is
possible that any effective treatments designed to target syndromic TAA could also apply

more widely to other forms of the disease in the future as a result of these findings.

Several other genes have been implicated in non-syndromic familial TAA. The ACTA2
gene produces an a-actin isoform protein involved in VSMC contraction which
subsequently regulates aortic blood pressure and flow. Mis-sense mutations in this gene
are responsible for around 14% of all cases of familial ascending TAAs. Three TAA
families of European descent had mutations altering Arg258 to either a histidine or
cysteine, and tissues from affected people displayed aortic medial degeneration, VSMC

hyperplasia and disarray and stenotic arteries as a result of VSMC proliferation®:%. A
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further study also showed ACTA2 mutation plays a causal role in coronary artery disease,
stroke, and Moyamoya disease® %’. MYH11 and MYLK are further genes identified in
non-syndromic TAA, and both are also involved in pathways relating to VSMC
contraction. MYH11 encodes a myosin heavy chain and MYLK gene encodes myosin light
chain kinase. Disease causing mutations in MYLK do not occur as commonly as in
MYH11, and MYH11 is also a factor in ductus arteriosus® ®8. The novel MYH11 and
ACTA2 mutations observed revealed a role for enhanced TGFp pathway signalling, as
previously noted in other TAA associated mutations. However different molecular
defects in TAA may account for a different pathogenic mechanism of enhanced TGFf3
signalling®. Collectively, these genes indicate the importance of VSMC contraction in

maintaining the structural integrity of the ascending aorta.

The continued study of TAA has given insight to its strong genetic, and often Mendelian
basis. Syndromic TAA, non-syndromic familial TAA and non-syndromic sporadic TAA
all display this pattern to an extent. The main difference between familial and sporadic
TAA is the origin of mutation (having family history or not), rather than the actual site of
mutation causing the disease, as causal pathways, such as FBN1 gene variation and TGF-
B signalling can be common in the pathology of each type of TAA. Other genes can also
be involved, and have been described here, which effect VSMC contractile and
proliferation events. Other risk factors are generally not involved in the disease but
haemodynamic force is an obvious reason for dilation of a weakened aorta, resulting from

adverse gene mutations.

For a summary of the genetic basis of TAA, see Table 4, and for an illustrative

karyotype-like schema of the AAA and TAA genomic risk loci described see Figure 3.
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Disease Gene symbol Gene location NCBI gene ID Gene function
Extracellular matrix gly coprotein is a structural component of calcium-binding micro fibrils.
FBN1 15g21.1 2200 . . . o
Provides force-bearing structural support in connective tissue.
Type Il collagen, found in extensible connective tissues such as skin, lung, uterus,
COL3A1 2031 1281 . . . .
intestine and the vascular system, associated with type | collagen.
Transmembrane proteins form a heteromeric complex with TGF-beta receptors, transducing
TGFBRY, 2 9922, 3p22 7046, 7048 .
the TGF-beta signal from the cell surface to the cytoplasm.
Family of cytokines, which are multifunctional peptides that regulate proliferation,
TGFB2, 3 1941, 14924 7042, 7043 . o . o .
. differentiation, adhesion, migration and more, through TGFBR1/2 and SM AD proteins.
Syndromic TAA - - — - - -
SMAD2. 3.4 18921.1, 15922.33, 4087, 4088, Family of signal transducer and transcriptional modulator proteins that mediate multiple
T 18g21.1 4089 signalling pathwayss, including TGF-beta.
Nuclear proto-oncogene - protein repressor of TGF-beta signalling, and may play arole in
SKI 1p36.33 6497 P gne-p P . o g g P
neural tube development and muscle differentiation.
EGF containing fibulin like extracellular matrix protein 2 essential for elastic fibre
EFEMP2 11g13.1 30008 . o
formation and connective tissue development.
Actin-binding protein that crosslinks actin filaments and links them to glycoproteins
FLNA Xq28 2316 i 3 : : o
involved in remodelling the cytoskeleton to effect changes in cell shape and migration.
FBN1 See above
Alpha actin protein that that plays a role in cell motility, structure and integrity, constituting
ACTA2 10g23.3 59 . . .
a major role in the contractile apparatus of smooth muscle cells.
Non-syndromic TAA Smooth muscle heavy chain myosin that functions as a major contractile protein, converting
MYH11 16p13.11 4629 . . . .
chemical energy into mechanical energy through the hydrolysis of ATP.
Encodes myosin light chain kinase which is a calcium/calmodulin dependent enzyme -
MYLK 3021 4638

facilitates myosin interaction with actin filaments to produce contractile activity.

Table 4 — Genetics of TAA summary: For syndromic thoracic aortic aneurysms (TAA) and non-syndromic TAA, genes where mutations have been identified and are
involved in the diseases are listed with corresponding chromosomal locations, NCBI gene ID’s, normal gene functions and study references. Gene specific information was
acquired from the NCBI database: http://www.ncbi.nlm.nih.gov/gene.
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LDLR 19p13.2
LRP1 12q13.3
SORT1 1p13.3

CDKN2B-AS1 9p21.3
IL6R 1921

Syndromic thoracic aortic aneurysm

FBN1 15q21.1
COL3A1 2q31
TGFBRI, 2 9q22, 3p22
TGFB2, 3 1g41, 14q24
_ . 18q21.1, 15¢22.33,
SMAD2, 3. 4 Il
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EFEMP2 11q13.1
FLNA Xq28

Non syndromic thoracic aortic aneurysm

FEN1

15g21.1
ACTA? 10923.3
MYHI1 16p13.11
MYLE 3q21

Chapter 1: Introduction

Figure 3 — Karyotype schema of abdominal aortic aneurysm (AAA) and thoracic aortic aneurysm (TAA) risk loci: All genes that are implicated in AAA or TAA are

listed in a colour coded karyotype-like schema. AAA risk loci are illustrated in red, syndromic TAA in blue and non-syndromic TAA in green.
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1.5. Epigenetics and DNA methylation

Epigenetics refers to the study of modifications to the genome that are not exclusively a
result of change in the primary DNA sequence, and include DNA methylation, histone

100 These mechanisms are essential for cell, tissue

modifications and non-coding RNAs
and organ development and directly interact with DNA sequence/structure to manipulate
gene expression at the transcriptional and post-transcriptional level. However, adverse
epigenetic effects have been implicated in complex disease, including cancers and
cardiovascular disease!?1%, There are a range of technical tools and methodologies
available to study epigenetic processes and the epigenetic basis of disease. These

methodologies are extensive in their application, and it is particularly important to adopt

the best experimental design possiblel4 105,

DNA methylation is the most extensively studied epigenetic modification to DNA and
involves the addition of a methyl group to a cytosine base 5’ to a guanine (CpG
dinucleotide). Approximately 1% of the genome consists of CpGs, and 70% of CpGs are
thought to be methylated in the mammalian genome! 1%/ DNA methylation patterns
induce long term gene expression pathways in selectively targeted genes during
development, and methylation patterns are usually maintained throughout each
subsequent cell division'®®, However, methylation is dynamic and changes in methylation
can be induced through environmental shifts, such as a change in nutritional status or
environmental exposures (e.g. smoking)!%®. CpG methylation status is particularly
vulnerable to environmental change during development!®®, or as people age!'!, and DNA
methylation can be inhibited, induced or reversed!®? 103 112113 ‘Changes in gene promoter

methylation result in direct changes to gene expression, and in particular
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hypermethylation can reduce gene expression (Figure 4). However increased levels of

methylation have also been associated with increased gene expression 14,

Chromosome
Nucleosomes
Methylated
QD000 X Gene silencing
—]
Un.methwated F Gene expression
TR —
Promoter Gene

%‘:istones T
@ &p @ @ Promoter Gene
AN
%

Al (C| |G| [C| G| |T||T| JA| |T| |G
I G c| |G| [C| |al| |A|l |T| |A] |C
Histone acetylation (HATS)
Accessible state DNA methylation (DNMTSs)

GLOTVOTOT.

Figure 4 — Overview of epigenetic mechanisms: Chromatin is the structure in which DNA is bound to
histone proteins for the packaging of the genome into nucleosomes. Histone acetylation enzymes (HATS)
are responsible for the opening up of chromatin into euchromatin, a more transcriptionally accessible state.
Histone modifications enable the winding and unwinding of chromatin, which is linked closely to the
regulation of gene expression!®, CpG methylation is characterised by the addition of a methyl group (CH3)
to the 5™ carbon of a cytosine base that is 5° to a guanine. DNA methyltransferase (DNMT) enzymes are
responsible for this. CpG islands (dense regions of CpG dinucleotides within gene promoter regions) can
have abnormally high (hyper) or low (hypo) levels of DNA methylation in many disease processes'®. DNA
methylation of gene promoter regions can alter gene transcription due to interference of the transcriptional
binding complex essential for the recruitment of RNA polymerases'®,
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DNA methyltransferase (DNMT) enzymes induce and maintain DNA methylation. There
are two types: DNMT1 (maintenance enzymes) and DNMT3 (de novo enzymes).
Research has demonstrated that both types work together to establish and sustain long
term epigenetic patterns'!’. DNMT3 enzymes are categorised into two groups: DNMT3A
and DNMT3B. DNMT3A is thought to have a preference for un-methylated DNA, but
DNMT3B is equally efficient at methylating un-methylated and hemi-methylated CpG
sites'’. DNMT1 recognises hemi-methylated sites opposite newly synthesised DNA
strands during mitosis, meaning newly synthesised strands are methylated, maintaining
methylation symmetry!'8. Methylation patterns are therefore established during
gametogenesis and embryogenesis with DNMT3A and DNMT3B, and subsequently
maintained with DNMT1 and partly with DNMT3B!" 118 Non CpG related DNA
methylation or hydroxymethylation may also be important in some processes*!®, but is

not the focus of this thesis.

1.6. Methylation quantitative trait loci (MeQTL)

Recent studies have revealed that individual genotypes at specific loci can result in
different patterns of DNA methylation, known as methylation quantitative trait loci
(meQTL), which are indicative of a direct genetic influence on the level of DNA
methylation at specific CpG sites'?’. This is essentially a mechanism that bridges the gap
between genetics and epigenetics and can influence phenotypic output. It has been
specifically observed that single nucleotide polymorphisms (SNPs) located at CpG sites
modulate genome-epigenome interactions'?*. There is some knowledge of
meQTLs/meSNPs, but this is still very scarce and there is currently no large
comprehensive database highlighting phenotype specific associations between genotypes

and methylation. There have been studies that have successfully identified such
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phenotypic specific interactions'?*12* and it is likely that there are still many existing

meQTLs that are unreported.

Genetic variants can alter transcription factor levels and methylation of their binding
sites'?®. There is a breadth of recent high profile evidence relating to disease specific and
non-disease specific genetic variants and their regulatory effects on DNA methylation
patterns, which subsequently regulate gene functionality?!123 125128 The direct
mechanisms of the polymorphic risk loci associated with AAA are not fully known, but
many are intronic® and it is therefore likely that their effects are regulatory in nature. It is
feasible that meQTL exist in AAA at these loci, and considering many meQTL act in cis,
their likely effects on methylation may be in the genes in proximity to/surrounding AAA

risk loci. A schematic illustration of meQTL activity can be seen in Figure 5.
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Figure 5 - Visual representation of methylation quantitative loci (meQTL): Polymorphic loci and
methylated CpG sites can interact locally (a) and distantly (b and c). These interactions can result in the
regulation of the functionality of genes and therefore contribute towards phenotypic diversity. Specific
meQTL may be exclusive to certain disease phenotypes. Figure adapted from Heyn et al.,*?° and McClay et
al.,**0,

29



Chapter 1: Introduction

1.7. DNA methylation in cardiovascular disease

DNA methylation can influence disease onset and progression as a result of changes
induced by environmental factors or genetic mutation, which have been studied
extensively in many diseases!%® 120-123.125,129-137 ' Genetic variation and environmental
factors both have an influence on arterial phenotype, and cardiovascular diseases are truly
multifactorial and complex®3. Identifying the molecular epigenetic mechanisms and other
non-genetic influences on disease are important because as of yet, they are relatively
unresolved'®?, whereas the genetic basis of disease is better established. High throughput
epigenome-wide association studies (EWAS) have allowed for informative detection of
differences in the methylomes of different cells, tissues and diseased states. A case
control approach has been widely adopted for such analyses, similarly to GWAS and
candidate gene studies in genomics. Specifically, DNA methylation has been implicated

in CVDs such as atherosclerosis and hypertension.

Zaina et al., (2014)**° created a human DNA methylation map of atherosclerosis using
Whole-Genome Bisulfite Sequencing (WGBS) and DNA methylation micro-array
analysis. WGBS identified a significant hyper methylation at numerous genomic loci of
the atherosclerotic part of the aorta compared to healthy matched controls. With the use
of lllumina’s 450K micro-array, specific loci of differential DNA methylation were
defined. 1895 candidate CpG sites were differentially methylated between the groups,
and functional expression data (QPCR) corroborated the findings from 7 genes containing

differentially methylated regions (DMRs) from the same samples'®?,

Hypertension is another disorder characterised by a multifactorial etiology that affects a
large proportion of the western population!*?. Genome wide methylation analysis has

suggested a key role for methylation in the pathogenesis of the disease. Wang et al.,
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(2013)%4° were the first to conduct such an analysis. Using an age matched case-control
design, a micro-array chip was conducted to determine differentially methylated regions
(DMRs) between cases and controls. Select CpG sites were subsequently chosen in the
SULF1 gene for validation. It was observed that the methylation levels of 2 CpG sites in
the promoter region of the SULF1 gene were higher in hypertensives than in controls4°,
The differences in blood leukocyte DNA methylation sites between the groups suggests
that changes in DNA methylation may play an important role in the pathogenesis of
hypertension. In addition, it has also been shown that the observed changes in

methylation have a direct influence on SULF1 gene expression®*,

1.8. DNA methylation in AAA

As illustrated previously, DNA methylation plays an important role in a range of CVDs
102,140,142 "yt a very limited investigation into the epigenetic basis of AAA currently

exists.

The only published AAA methylation study to date is that of Ryer et al., (2015)'* who
conducted an Illumina 450k bead chip methylation micro-array on peripheral blood
mononuclear cell (PBMC) DNA. They assayed 20 AAA patients (11 smokers and 9 non-
smokers) and 21 control samples (10 smokers and 11 non-smokers). The sample groups
contained smoking and non-smoking sub-groups since cigarette smoking is an important

mediator of DNA methylation in tobacco-related cardiovascular disease.

They identified differentially methylated regions in CpG islands within four genes:
ADCY10P1, CNN2, KLHL35, and SERPINB9. mRNA gene expression analysis was
conducted for the differentially methylated genes identified, but only SERPINB9 and
CNNZ2 exhibited transcriptional changes. Immuno-histological analysis then provided

further evidence that the expression changes were also present in aortic tissues at the
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aneurysmal site. Overall, the study findings were novel and illustrate a potential role for

DNA methylation in the pathobiology of AAA.

Other than this study, much of the evidence for the potential role of DNA methylation in
AAA has to be inferred from studies of atherosclerosis and hypertension, which share risk
factors with AAA, and often co-exist with AAA% 140.144 Evidence can also be inferred
from the molecular pathogenic mechanisms of AAA, in addition to major environmental
risk factors'*®. The key processes known to be involved in the development of AAA are

the immune response, ECM degradation and vascular remodeling4e.

1.8.1. DNA methylation and matrix degradation

Changes to the methylation status of any gene can result in abnormal expression patterns
and can subsequently contribute towards disease. Changes to DNA methylation in genes
controlling the regulatory cycles of ECM proteolysis may influence phenotypic output of
the structure and function of the ECM. Up-regulated production of MMPs are linked to
tissue damage in degenerative inflammatory disorders other than AAA, including cancer
metastasis, chronic kidney disease (CKD) and rheumatoid arthritis'4’14°, Fibronectin
induced promoter de-methylation in the MMP-2 gene increases expression in non-
invasive breast cancer cell lines*®. Additionally, Yuan et al., (2014) observed that DNA
de-methylation at the MMP-9 promoter region enhances its expression in ectopic
endometrial stromal cells®®t. MMP-2 and MMP-9 are two of the main enzymes involved
in aortic remodelling and degradation. The feedback loop between the balance of MMPs
and TIMPs has been investigated in the epigenomes of cancer cell lines. Proteolytic
degradation of the ECM is directly dependent on the counter balance between MMPs and
TIMPs'*’. Zhang et al., (2014) identified that MMP-1, -2 and -7 were all up-regulated in
cancer cell lines, whilst TIMP-3 and -4 were down-regulated. Targeted gene methylation
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analysis (methylation specific PCR) revealed a correlation between aberrant promoter
methylation status of the genes and their subsequent expression levels'*’. Transcription,
expression and the relationship with promoter methylation status in normal and diseased
states is actively investigated in many chronic inflammatory disorders®? 147- 152 wjith the

exception of AAA.

1.8.2. DNA methylation and inflammation

Changes in epigenetic status of genes regulating inflammation and associated
cells/proteins, may have significant functional effects in the vascular phenotype. It is
known that altered DNA methylation profiles are linked to the risk and severity of several
chronic inflammatory conditions®®3, For instance, a genome wide methylation study
demonstrated that global DNA hypermethylation is associated with inflammation and

increased mortality in CKD®,

Global DNA hypermethylation is commonly a hallmark of chronic inflammation®% 147-
149,154,155 "however it is unclear whether DNA methylation changes are a causal factor of
inflammatory disease or vice versa. Just as monocytes are involved in AAA, they are also

associated with inflammatory phenotypes of asthma.

Gunawardhana et al., (2014) hypothesised that DNA methylation caused by
environmental exposures may contribute to the heterogeneous inflammatory response in
asthma®®®. To investigate this, monocytes were purified from blood taken from adults
with eosinophilic, paucigranulocytic and neutrophilic asthma phenotypes. DMR’s were
identified in each phenotype compared to healthy controls using a methylation micro-
array. Epigenomes of asthma phenotypes were significantly hypermethylated at DMR’s
in comparison to controls and 9 genes were common to all three phenotypes, some of

which were implicated in an ECM-receptor proteolysis network*®®. This research
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illustrates how potential environmental exposures can give rise to long term epigenetic
modifications that take effect by inducing the inflammatory response. It is plausible that
the induction of similar changes to methylation status within the genome may contribute

to the development and progression of AAA.

1.8.3. DNA methylation and smoking

A range of risk factors discussed in this thesis so far are known to increase the risk of
AAA development. The strongest of which are family history and smoking®®’. An
important factor about the exposure to prolonged tobacco smoke is the effect it can have
on the epigenomes of cells, especially blood leukocytes, which are heavily involved in

AAA.

DNA methylation status is vulnerable to environmental shift, and studies have recently
mapped where and how a change to CpG status occurs, and whether this is reversible
after smoking cessation'®. EWAS have demonstrated a mechanistic link between DNA
methylation, current smoking, prenatal cigarette-smoke exposure and the development of
adult chronic diseases®>. Using a Human Methylation 450K array, Tsaprouni et al.,
(2014) illustrated that cigarette smoking results in the hypo-methylation of PBMC DNA,
as all but one of 30 probes (CG23480021) showed that smokers have lower methylation
levels than non-smokers. In addition, smoking cessation only resulted in partial
restoration of DNA methylation status, but DNA methylation was never completely

reversed to non-smoking levels'®,

Smoking plays a role in pathogenesis and increases the rate of expansion and risk of
rupture of established AAAs*. The relationship between smoking, pathology and AAA
growth is being investigated with the use of rodent models. Bergoeing et al., (2007)%

were the first to implicate smoking as a synergistic factor of aneurysm growth in an
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animal model. There was no increase in MMP-9 or-12 expression when mice were
exposed to tobacco smoke after a minor aortic elastase injury, which increased tissue

inflammation, elastin degradation and subsequent aneurysm size by 134.5% (+/- 7.9%)%.

1.8.4. DNA methylation and ageing

It is possible that DNA methylation is another key contributor to age induced AAA.

Horvath, (2013) proposed a biological ageing clock, where DNA methylation age
measures the cumulative effect of an epigenetic maintenance system?®, This was
developed as a multi-tissue predictor of age allowing the estimation of DNA methylation
age of most tissues and cell types. The predictor was developed using 8,000 samples from
82 lllumina DNA methylation array datasets, encompassing 51 healthy tissues and cell
types. As a result of this analysis, it was concluded that DNA methylation age has the
following properties: it is close to zero for embryonic and induced pluripotent stem cells,
it correlates with cell passage number, and it gives rise to a highly heritable measure of

age acceleration.

It is known that ageing has a strong effect on DNA methylation levels at thousands of
CpG sites throughout the genome?®® 161, The fact that DNA methylation patterns are only
significantly altered during development, as a result of environmental shift, or
stochastically as people age, suggest that the ageing process results in methylation
differences that influence expression of genes involved in diseased phenotypes, such as
AAANO 1L 181 Age dependent methylation and subsequent changes in gene expression
levels can be a large mediating factor in disease development. Generally, this is
characterised by genome-wide hypo-methylation and promoter-specific
hypermethylation®2, There is a range of research relating to ageing and DNA methylation

in CVD and associated risk factors, in addition to how the two interlink60 161,163
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1.8.5. DNA methylation and homocysteine

Krishna et al.,'%* reviewed the role of homocysteine mediated DNA methylation and
associated epigenetic changes in AAA, which appears to be important in disease.
Homocysteine is a non-protein forming a-amino acid that is synthesised from methionine
and is strongly linked to the regulation of DNA methylation (homocysteine is produced
as a by-product of the methyltransferase reaction)*®®. Aberrations to normal levels of
homocysteine have been associated with adverse changes in DNA methylation, which can
subsequently contribute towards disease!®®. Hyperhomocysteinemia is characterised by
unusually high levels of blood circulating homocysteine that is associated with CVD, and
is considered a significant, independent biomarker to determine cardiovascular risk,

especially in atherosclerosis™> 16¢,

Genetic polymorphisms that alter enzymes involved in homocysteine metabolism, such as
MTHFR, and vitamin deficiency can result in hyperhomocysteinemia®®’, and MTHFR
rs1801133 was found to be significantly associated with AAA in a candidate gene
association study (P=0.088) in 400 AAA and 400 controls®®, However this loci was
replicated with an established genome-wide significance. Some studies have
demonstrated a significant association between homocysteine and AAA similarly to
that observed in atherosclerosis, this is far from consistent across different studies'’®, and
has been described as an enigmal’®. Lindquvist et al.,}’? concluded that homocysteine does
not appear to be a useful biomarker in AAA, as it does for atherosclerosis. Additionally,
no studies assessing homocysteine in AAA have also investigated the relationship
between global methylation and homocysteine, which could be potentially insightful.

Figure 6 displays a summary of the potential role of DNA methylation in AAA.
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Figure 6 — Overview of the role of DNA methylation in AAA: DNA methylation may be the central
mediating factor in AAA pathology. Environmental influences such as smoking and ageing predominantly
take effect through the epigenome, but can also independently influence AAA. Family history directly
influences disease predisposition, and several genes have been identified through genome wide analysis.
DNA sequence variation can also associate with the epigenome through interactions known as methylation
quantitative trait loci (meQTL). Changes in DNA methylation have been shown to affect expression of
various genes, which have been implicated in vascular smooth muscle cell (VSMC) apoptosis,
inflammation and extra-cellular matrix (ECM) degradation by an imbalance in matrix metalloproteinases
(MMPs) and tissue inhibitors of MMPs (TIMPs). These processes are all pathogenic hallmarks of
abdominal aortic aneurysms (AAA), and are also associated with hypercholesterolemia, atherosclerosis and
hypertension, which are major risk factors of, and often co-exist with AAA.
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1.9. Epigenetic treatments

As discussed, there is no pharmaco-therapeutic treatment for AAA, and disruption to the
balance of epigenetic networks has the potential to cause major pathologies. Advances in
new diagnostic tools might reveal other diseases that are not as well-mapped, that are also
caused by epigenetic alterations, such as AAA. These factors have led to the development
of new epigenetic therapies, since DNA methylation can be inhibited, induced or
reversed?0: 103, 112,113,173 ‘meaning that pathogenic regions that are hyper or hypo-
methylated can be selectively targeted for treatment. A clear example of this is the
targeted induction of methylation at CpG sites in gene promoters of cancer cells as a

targeted treatment by repressing over-expressed genes® 103,

In addition to this, diet is emerging as a potential epigenetic regulator of CVD. The role
that diet plays in the development of the molecular mechanisms underlying CVD is not
fully known, but DNA methylation may account for the effect of dietary factors. Certain
nutrients are needed for the production of S-adenosylmethionine (SAM), which is a
methyl donor and can induce DNA methylation. These methyl nutrients include vitamins
(folate, riboflavin, vitamin B12, vitamin B6, choline) and amino acids (methionine,
cysteine, serine, glycine), and an imbalance in their metabolism can alter DNA
methylation. It is proposed that a calorie restricted diet and adopted epigenetic diet
(correct balance of methyl nutrients) may contribute to increased human longevity and

prevention of chronic disease!® 174 175,

Epigenetic therapies have been found to be effective in the treatment of cancer'’®,
Pathogenic changes to DNA methylation status are capable of silencing tumour
suppressor genes, promoting cell and tumour growth and increasing the rate of metastasis.

It was observed that a methyl supplementation donor (SAM) inhibits cancer associated
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skeletal metastasis by suppressing gene transcription of its selected target by inducing
DNA hypermethylation (cancer associated skeletal metastasis is a result of DNA hypo-
methylation). The treatment on invasive prostate cancer cells resulted in dose dependent
inhibition of cell proliferation, invasion and cell migration!’®. This research highlights a
possible mechanism where pharmacological agents inducing DNA methylation at hypo-
methylated sites may prevent cancer metastasis and pathogenic methylation changes in

other diseases.

Epigenetic treatments have also been extensively examined in CVDs. Inflammation is a
chronic hallmark of atherogenesis in mice, which in turn is symbolised by genome wide
and gene specific DNA hypermethylation'%> 3, Cao et al., (2014) investigated whether
5-aza-2'-deoxycytidine would mitigate atherosclerosis in knockout mice deficient in the
LDLR gene, which is also associated with AAA™. 5-aza-2'-deoxycytidine is a de-
methylating compound and useful in the application of increasing the expression of

down-regulated genes.

Atherosclerosis development was decreased in the Cao et al., (2014) study as a result of
the treatment without change to body weight, plasma lipid profile, macrophage
cholesterol levels and plaque lipid content of the mice. Instead, the change was due to
decreased macrophage inflammation. Macrophages treated with 5-aza-2'-deoxycytidine
were found to have decreased levels of expression in inflammatory genes (TNF-a, IL-6,
IL-1B). By de-methylating and increasing the expression of loci promoting anti-
inflammation (LXRa and PPARY1), the genes involved in inflammation were down-
regulated. If such therapeutic solutions become common in reversing pathogenic, aberrant
DNA methylation patterns, common methylation patterns in AAA could potentially be

targeted in a similar way.
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1.11. Conclusion

AAA is characterised by the chronic degradation and gradual, irreversible dilation of the
abdominal aorta. Smoking, genetics, male sex, increased age and atherosclerosis are
major factors associated with developing AAA. Rupture contributes to 2-4% of deaths in

all Caucasians over 65, and there is no current pharmaco-therapeutic treatment strategy.

Methylation is an epigenetic modification to DNA, where a methyl group is added to a
cytosine base 5’ to a guanine (CpG dinucleotide). Methylation patterns are long term,
inherited signatures that can induce changes in gene transcription, and can be affected by
both genetic and environmental factors. Methylation changes are involved in
hypertension and atherosclerosis, both of which are risk factors of, and often coexist with
AAA. ECM degradation and inflammation, both important pathological hallmarks of
AAA, are also promoted by changes in CpG methylation in other diseases. Additionally,
the adverse effects of smoking and ageing take place largely through epigenetic

manipulation of the genome.

Many factors associated with AAA are associated with DNA methylation, yet there is
very limited investigation addressing the role of DNA methylation in AAA. Such an
investigation to identify a link between aberrant DNA methylation changes and AAA
could offer a more comprehensive understanding of AAA pathobiology, in addition to an
alternative research avenue in the search for a potential treatment strategy. Epigenetic
therapies are already being investigated to target pathogenic CpG methylation changes in
other diseases such as atherosclerosis and hypertension, and it is feasible that these

therapies may also be applicable to AAA in the future.
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1.12. Aims

As discussed throughout chapter 1, it is not fully known whether abnormal epigenetic
mechanisms play a role in the development and/or growth of AAA. There is a clear
rationale and justification for further study, which this thesis will address with a series of

aims.

Aims for Chapter 3 — Results section 1: Peripheral blood mononuclear cell global

DNA methylation and circulating homocysteine analysis in AAA
1. To establish whether changes in global DNA methylation are evident in DNA taken

from the peripheral blood of patients with AAA compared to healthy controls.

2. To establish whether changes in circulating homocysteine levels are evident in blood

plasma taken from AAA patients compared to healthy controls.

3. To establish whether there is a direct relationship between global DNA methylation

levels and circulating homocysteine.

Aims for Chapter 4 — Results section 2: Peripheral blood mononuclear cell DNA

bisulphite sequencing for CpG methylation analysis

1. To identify whether changes in peripheral blood CpG methylation exist in the
regulatory regions of genes proximal to AAA genomic risk loci in those with AAA

compared to healthy controls using targeted bisulphite next generation sequencing.

41



Chapter 2: Aims, objectives and hypotheses

Aims for Chapter 5 — Results section 3: Vascular smooth muscle cell DNA bisulphite

sequencing for CpG methylation analysis

1. To identify whether changes in VSMC DNA methylation exist in the regulatory
regions of genes (promoters and transcriptional start sites) proximal to AAA genomic risk
loci in those with AAA compared to healthy controls using bisulphite next generation

sequencing.

2. To compare the methylation profiles of commonly sequenced CpG sites in PBMCs and

VSMCs.

Aims for Chapter 6 — Results section 4: Functional corroboration of observed

methylation differences in AAA

1. To determine whether changes to CpG methylation in peripheral blood DNA are

directly associated with blood plasma concentration of the respective gene product.

2. To determine whether changes to CpG methylation in vascular cell DNA are directly

associated with mRNA expression of the same gene.

3. To establish whether protein expression in whole aortic tissue is evident in genes

where methylation and gene expression differences are observed.

Figure 7 displays a summary work flow of the project. The illustration highlights the
overall work process from both sample resources used (peripheral blood and aortic
tissues), and additionally highlights in which Chapter the work will be described. More
detailed aims, objectives and hypotheses are stated in the introduction to each results

chapter.
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Chapter 3 - Results section 1
Chapter 4 - Results section 2
Chapter S - Results section 3
Chapter 6 - Results section 4

~\

Circulating blood plasma homocysteine analysis
- 67 controls and 70 AAA

: I

Targeted bisulphite NGS in 9 candidate genes
- 48 controls and 48 large AAA

Explant culture to isolate VSMCs
- 20 controls and 24 large AAA

¢

Targeted bisulphite NGS in 9 candidate genes
- 20 controls and 24 large AAA

9 \, U >
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mRNA gene expression analysis in 4 differentilly methylated genes
- 20 controls and 24 large AAA
Blood plasma analysis of 4 proteins to corroborate 3
differentially methylated genes U
- 20 controls and 20 large AAA 3
Aortic tissue protein expression analysis (immunohistochemistry)
- 3 controls and 3 large AAA
8 i

Figure 7 — Summary flow chart of work conducted in this PhD: DNA was isolated from peripheral blood and aortic tissues of those with AAA and controls. The chart
illustrates the work process for each sample resource and highlights in which Chapter the results will be described.
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2. Chapter 2 - Methodology
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2.1. Population

Patients and controls in this research were recruited from two sources: The UK aneurysm

growth study (UKAGS) (http://www?2.le.ac.uk/projects/ukags) and the local AAA

research programme based at the NIHR Leicester Biomedical Research Centre. The
UKAGS collects peripheral blood samples from men with AAA (aortic diameter 3cm or
greater) and healthy controls (all screened for AAA) recruited from the English NHS
AAA Screening Programme. Furthermore, AAA biopsies (aortic wall) are taken from
patients undergoing open AAA repair in the regional vascular unit, where there is also an
established aortic tissue collection from cadaveric organ donors. Ethical approval by an

NHS Research Ethics Committee was obtained for both studies.

A total of 185 blood samples from the UKAGS were selected for global methylation
analysis (Chapter 3). Of these 185 samples, 96 (48 large AAA and 48 controls) were also
selected for PBMC DNA bisulphite NGS (Chapter 4). In addition, 24 aortic biopsies were
collected from people who were undergoing open AAA repair, and 20 aortic tissue
samples were collected from cadaveric organ donors with the intention of isolating
VSMCs via explant culture for bisulphite NGS (Chapter 5). There were no signs of AAA
or atherosclerosis in the abdominal aortas obtained from organ donors, which were
therefore used as controls. Detailed descriptions of sample group demographics for each

experiment are provided in the appropriate results chapters.

45


http://www2.le.ac.uk/projects/ukags

Chapter 2: Methodology

2.2. Vascular smooth muscle cell culture

Aortic tissues were collected by vascular surgeons within the vascular surgery group at
the University of Leicester. For each aortic tissue sample collected from those undergoing
AAA surgery (n=24), and from cadavers (n=20), explant culture was performed to isolate
and grow VSMC:s in vitro. This was particularly important for this study (Chapter 5),
given that independent cell lines have different epigenetic profiles, and the aim of this
experiment was to assess the methylation profiles of VSMCs within the aorta without
other cell types potentially confounding the results. VSMCs are a good surrogate for such
analysis considering aneurysmal formation is characterised by inflammation and VSMC
apoptosis in the tunica media of the aortic wall. As a result, any changes observed in
methylation in the DNA from VSMCs would provide potential insight to the

pathobiology of AAA.

Thin sections of the tunica media were carved from the whole aortic tissues no longer
than 48 hours after surgery (AAA samples), or death (cadaveric samples), and placed in
T80 cell culture flasks containing 10ml smooth muscle cell Medium 231 (ThermoFisher
scientific - M2315005) with added Smooth Muscle Growth Supplement (ThermoFisher
scientific - S00725). A 25ml bottle of growth serum was added to each 500ml 231 media
prior to use. The flasks containing the media, growth supplement and aortic tissues were
left to incubate at 37°C until visible primary cell growth was observed (~2 weeks). After
primary growth of VSMCs, confluent cells were detached from the flask with the addition
of 2x trypsin-EDTA solution and incubated at 37°C for 3 minutes. 5ml sterile phosphate
buffered saline (PBS) and fetal bovine serum solution (20:1 ratio) was added to neutralise
the trypsin. Solutions containing detached cells were aspirated from the flasks into sterile

universal tubes and centrifuged at 400xg for 6 minutes at 20°C. Supernatants were
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discarded and cell pellets were re-suspended in 3ml media. 1ml of the 3ml suspensions
were added to 3 new T80 cell culture flasks, each containing 10ml of media. This process
was repeated until sufficient amounts of isolated VSMCs (two clearly visible cell pellets)
were available for DNA and RNA extraction, however never beyond passage 3 to
attenuate any potential changes in cellular gene expression or DNA methylation patterns
because of the artificial media/culture environment. Isolated cultured cells stored by

cryogenic freezing at -80°C until needed for experimental analysis.

2.3. DNA extraction

DNA was extracted from each PBMC (n=185) and VSMC (n=44) sample used in this
research with the DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturers
standard protocol. Isolation of DNA from cells is essential for all genetic based research,
and the most recent and optimised technique was adopted in this project. The technique
uses the premise of cell lysis to ‘free’ endogenous cellular DNA in a solution, which is
then transferred to a spin column containing a silica gel membrane. If the pH and salt
concentration of the binding solution are optimal (provided by the manufacturer), the
DNA will bind to the silica gel membrane as the solution passes through during

centrifugation, resulting in high quality and purified yields of DNA.

The protocol for DNA extraction from PBMCs and VSMC:s is as follows:

Frozen buffy coats (PBMC samples) and cultured cell pellets (VSMC samples) were
removed from the freezer and thawed at room temperature. 20ul proteinase K and 200ul
of the buffy coats were added to 1.5mL Eppendorf tubes, whereas 200ul PBS and 20ul
proteinase K were added to the cell pellets in 1.5mL Eppendorf tubes. 200ul buffer AL
was subsequently added to all tubes, which were vortexed and incubated for 10 minutes

at 56°C. The tubes were centrifuged briefly before adding 200ul 100% ethanol, vortexed,
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and again centrifuged briefly. Entire solutions were transferred via pipet to labelled
DNeasy mini spin columns in 2mL collection tubes and centrifuged at 6000 x g for 1
minute. Flow through was discarded, 500ul buffer AW1 was added and the tubes were
centrifuged for 1 minute at 6000x g. This step was repeated but buffer AW2 was added in
place of AW1 and centrifuged for 3 minutes at 6000 x g. Flow through was discarded and
the columns were centrifuged for a further 1 minute to ensure the spin columns were dry.
Spin columns were placed in new collection tubes and 200ul buffer AE was added to
elute the DNA. These were left to stand at 5 minutes at room temperature and finally
centrifuged at 8000 x g for 1 minute. The eluted solutions contained the purified DNA.
DNA concentrations were measured using a NanoDrop Spectrophotometer and some of
each sample was diluted to 25ng/ul using sterilised distilled water in a 100ul final volume

as a working stock. All samples were stored at -20°C until further use.

2.4. Global methylation analysis in peripheral blood DNA

Whole genome global DNA methylation levels were assessed in DNA derived from 185
PBMC samples from the UKAGS resource using colorimetric enzyme linked
immunosorbent-assays (ELISAS) following the manufacturers’ protocol (Epigentek -
Methyl flash DNA quantification (colorimetric)). A maximum of 185 (93 AAA and 92
controls) samples were chosen for this assay based on how many 96-well plates were to
be used in total (n=5). This number was based on assaying a sufficient sample size to
yield accurate, reliable results, whilst also considering the limited funds available for the
research. Hence, 5 separate assay plates were conducted, comfortably allowing for
positive and negative control reactions, repeats of unsuccessful sample reactions and

additional repeats to assess for potential batch effects.

The protocol adopted was as follows:
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100ng (4l working stock) of each DNA sample was bound to a well by adding it to 80ul
binding solution and incubating at 37°C for 90 minutes in a polypropylene 96 well micro-
plate. Solutions were removed and the wells were washed 3 times with 150ul wash
buffer. Each well was then treated with 50ul (1:1000) anti-5 methyl cytosine primary
antibody for 60 minutes at room temperature, binding all methylated genomic DNA of
each sample to the foot of the well. The solutions were removed from the wells and the
same washing process was performed as previously described. 50ul (1:2000) of a
secondary antibody attached to an reporter enzyme was added and left to incubate for 30
minutes at room temperature for primary anti-body detection. The solutions were
removed and the wash step was conducted 4 times before 100ul substrate solution was
added for secondary antibody detection. The detection solution was left to incubate for 3

minutes in the dark before 100ul stop solution was added to halt the enzymatic reactions.

All reactions were performed in duplicate, and for each new 96 well plate (total = 5), new
standardization controls were conducted. Mixed plate reactions were also performed to
assess for batch effects. Absorbance (optical density (OD)) was measured with a micro-
plate colorimetric spectrophotometer (Bio-Tek ELX808IU Ultra Microplate Reader), and
ODs were converted to genome methylation percentage with the use of positive (5ng —
50% methylated DNA) and negative control (20ng— 50% un-methylated DNA) reactions,
which were also conducted in duplicate. This standardisation method was used to acquire

differences in relative levels of DNA methylation.

To convert ODs to global methylation percentage the following equation was used:

(Mean sample OD — Negative control OD) + 100ng: input sample DNA
5-mC % = x100

(Positive control OD — Negative control OD) x 2* + 5ng: input control DNA
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Statistical analysis included column statistics in Graph Pad Prism 7 to conduct a one-way
ANOVA and Tukey’s B post-Hoc group comparison. Linear regression was then
performed on all AAA cases to assess the association between aneurysm diameter and
global methylation. The regression P value was further adjusted for differences in age

between small AAA and large AAA groups.

2.5. Homocysteine analysis in blood plasma

A total of 137 blood plasma samples from the global methylation assay were available
(67 controls and 70 AAA) for circulating homocysteine analysis, which was performed
with colorimetric ELISAs following the manufacturers’ protocol (Cell Biolabs Inc —
Homocysteine ELISA kit — STA-670). The total number of samples used for this
experiment was based on available resources. Of the 185 DNA samples used in the global

methylation assay, blood plasma was available for only 137.

The protocol for circulating blood plasma homocysteine uses the same concept as the
global methylation assay (antibody binding specificity to quantify the presence of a

substance), and was as follows:

100ul homocysteine conjugate was added to each well of a 96 well plate and left to
incubate for 2 hours at 37°C. The solutions were removed and the plate was washed 3
times with 200ul PBS prior to adding 200ul assay diluent which was left at room
temperature for 1 hour. The diluent was removed and 50ul plasma sample/control
standard was added to the wells. The plates were incubated at room temperature for 10
minutes, and 50ul (1:500) homocysteine primary antibody was added to the wells and
incubated for 1 hour at room temperature. The plate was washed 4 times with 200ul wash

buffer and 100ul (1:1000) secondary antibody was added. After a 1 hour incubation at
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room temperature the plate was washed in the same manner as the time before and 100l
substrate solution was added and incubated for 3 minutes at room temperature before

100yl stop solution was finally added.

All reactions were conducted in duplicate with new controls and mixed plate repeats for
each new ELISA plate. ODs were measured with a micro-plate colorimetric
spectrophotometer at 450nm and homocysteine levels were determined using the standard

curve method.

Graphpad Prism 7 statistical analysis included unpaired t-test to assess differences
between group means and linear regression to determine relationships between global

methylation, homocysteine and aneurysm diameter.

2.6. Bisulphite conversion of DNA for sequencing

Each of the DNA samples required for PBMC (n=96) and VSMC (n=44) NGS
sequencing during this PhD (Chapter 4 and 5 respectively) were bisulphite-converted

using the MOD50 kit (Sigma—Aldrich) according to the manufacturer's standard protocol.

Bisulphite treatment of DNA deaminates un-methylated cytosines to uracil, but not
methylated cytosines, allowing the distinction between methylated and un-methylated
DNA after sequencing (Figure 8)*"”. This essentially means that un-methylated cytosines
become uracil after bisulphite exposure, and methylated cytosines remain unchanged.
Considering uracil is unstable and is not a suitable base for DNA replication, uracil
subsequently becomes thymine after PCR. Therefore, after bisulphite treatment, PCR, and
sequencing, all known cytosine bases become thymine unless they are methylated (Figure

8). This methodology is regarded as the gold standard technique of DNA methylation
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analysis, providing single CpG base resolution and higher accuracy in comparison to

other methylation assays such as the Illumina 450k methylation micro-array*’®,
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5-AUUGTUGAUGT-3 5-AC"CGT"CGA™CGT-3

Figure 8 - The effects of sodium bisulphite on DNA: Bisulphite treatment of DNA deaminates un-
methylated cytosines to uracil, whereas methylated cytosines stay unchanged. It is possible to distinguish
between methylated and un-methylated CpG sites after sequencing, as all un-methylated CpGs become
uracil and subsequently thymine.
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The bisulphite assay protocol is as follows:

20ul (25ng/ul) of working stock DNA from each purified sample (500ng conversions)
was added to 110ul DNA bisulphite modification solution and incubated at 99°C for 6
minutes, immediately followed by incubation at 65°C for 90 minutes. 300ul capture
solution was added to spin columns placed in collection tubes and left to stand for 1
minute. The modified DNA solutions from the incubation step were then added to the
capture solutions in the spin columns. These were centrifuged at 12,000 x g for 20
seconds and the flow through was discarded. 200ul cleaning solution was added to each
spin column and centrifuged at 12,000 x g for 20 seconds. Flow through was discarded
and 50pl of balance/ethanol wash solution was added before incubation for 8 minutes at
room temperature. The tubes were centrifuged for 20 seconds at 12,000 x g and flow
through was discarded. 200ul 90% ethanol was added to the spin columns which were
centrifuged for 40 seconds at 12,000 x g, and the spin columns were placed in new 1.5mL
collection tubes. Finally, 40ul elution solution was added to the spin columns, left to
stand for 1 minute and centrifuged for 20 seconds at 12,000 x g to elute the bisulphite
converted DNA at 10-15ng/ul. The converted DNA samples were used immediately or

stored at -20°C for up to 1 month until further use.
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2.8. Bisulphite specific PCR for sequencing

PCR is a common technique in molecular biology designed to amplify and isolate
specific loci of interest within the genome. Thermo-cycling a genomic DNA template
with polymerase enzymes, specific oligonucleotide primers and dNTPs in an optimised
buffer allows amplification and enrichment of a desired product. Over many cycles,

exponential amplification of a DNA sequence into the millions is observed!”®.

The technique was adopted in this research to target regulatory regions within candidate
genes with bisulphite specific PCR primers after bisulphite treatment of DNA, as
previously described. For each bisulphite treated DNA sample in Chapter 4 (48 AAA and

48 controls) and Chapter 5 (24 AAA and 20 controls), each targeted locus was isolated.
The optimised PCR protocol is as follows:

Each 20ul bisulphite specific PCR reaction consisted of 8yl sterilised distilled water, 10pul
2X jumpstart red-tagq polymerase ready mix (SIGMA), 1ul mixed forward and reverse
primers (10uM - SIGMA) and 1ul bisulphite converted DNA (10-15ng/ul). Each
bisulphite specific primer pair was optimised based on annealing temperature. Specific
targeted gene loci, primers and annealing temperatures are shown in the results chapters
specific to each separate assay (Chapter 4 and 5). See Table 5 for thermo-cycling

parameters.
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Temperature Time Function Cycles
94°C 2 minutes Denature 1
94°C 15 seconds Denature 40
52°C -58°C 35 seconds Anneal 40
72°C 35 seconds Extension 40
72°C 5 minutes Final extension 1

Table 5 - Bisulphite specific PCR cycling conditions.

2.9. Agarose gel electrophoresis

Agarose gel electrophoresis is primarily used to differentiate between varied sizes of
amplified DNA fragment and to validate PCR products. Dissolved agarose moulded into
a gel provides a structural foundation on which DNA can be electrophoresed, utilising the
uniformed negative charge of the phosphate back bone of all DNA molecules!®. When
ran in a salt buffer, DNA loaded into an agarose gel migrate toward the positive charge.
DNA migrates through the porous agarose gel based on size, allowing sufficient
fractionation at specific resolutions. Smaller DNA fragments migrate further, and a

higher percentage of agarose increases fractionation resolutione,

In this project, during the optimisation of primers, amplicons were checked by
fractionation using agarose gel electrophoresis to validate PCR products and the protocol

is as follows:

For each gel, 2g agarose powder (Melford, UK) was dissolved in a solution of 100ml 1X
TAE (tris, acetate, EDTA) by microwaving for 100 seconds at full power (2% gel). After
all agarose had dissolved, the solution was left to cool for 5 minutes before 10ul SYBR

safe gel dye (Thermo-Fisher, UK) was added, mixed, and the whole solution was poured
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into a gel cast. Gels were left to solidify and loaded with PCR amplicons. There was no
need to add loading dye as the 2x jumpstart red-taq polymerase ready mix already
contained the necessary dye. Gels were run in 900ml 1X TAE buffer at 120 volts for 50
minutes, using a Biometra powerpack (P25 standard). The gels were placed on a
GeneFlash (Syngene, UK) UV-transilluminator and the resulting banding patterns of

loaded samples were visualised.

2.10. Cleaning of PCR amplicons and pooling for sequencing library

preparation

All bisulphite specific PCR reactions were cleaned with ExoSAP-IT PCR Clean-up
(Affymetrix). This was important because when using the PCR amplicons for further
downstream application, which is in this case was adaptor ligation for lllumina
sequencing library preparation, contaminating primers and dNTPs from the PCR

reactions can adversely affect the process.
The clean-up protocol is as follows:

On ice, 5ul of the PCR reactions were mixed with 2ul EXoSAP-IT solution and incubated
at 37°C for 15 minutes, then at 80°C for 15 minutes. These solutions were taken forward
for pooling and the remaining uncleaned PCR reactions were stored at -20°C as back up
samples. Individual PCR reactions from were pooled together, resulting in 96 individual
samples that contained each genomic region of interest for the sequencing assay prior to

library preparation.
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2.11. Ligation of adaptors and barcoding for multiplex sequencing

The NEBNext Ultra™ DNA Library Prep Kit for [llumina (E7370) and NEBNext
Multiplex Oligos for lllumina dual index kit (E7600) were used for sequencing library
preparation. The concept of the approach adopted in this project for both PBMC and
VSMC sequencing assays was to conduct multiplex sequencing of all individual samples
at each targeted genomic loci in one single sequencing reaction. This means that for each
individual sample containing the pooled PCR amplicons described previously, ligation of
adaptors and subsequent PCR enrichment with sequence specific primers was necessary
to multiplex the samples. This is known as barcoding, and essentially allows the
distinction of individual samples by the Illumina platform after they have been pooled in

to one sequencing sample.

2.11.1. Adaptor ligation

The protocol for adaptor ligation of DNA samples was as follows:

Each of the pooled samples were concentrated to 1ug in a 55.5ul solution with sterilised
distilled water and mixed in a 200ul PCR tube with 3ul end prep enzyme mix and 6.5ul
10x end repair reaction buffer (total volume 65ul). The samples were incubated at 20°C
for 30 minutes followed by 65°C for 30 minutes and finally cooled to 4°C. 15ul blunt/TA
ligase master mix, 2.5ul NEBNext adaptor for Illumina and 1l ligation enhancer were
subsequently added to the reactions and incubated for 15 minutes at 20°C. 3ul of USER
enzyme was finally added to the reactions prior to clean up of adaptor ligated DNA

without size selection (total volume 83.5ul).

Figure 9 shows a visual representation of adaptor ligation and why it is necessary.
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Figure 9 - Visual representation of adaptor ligation during sequencing library preparation: Bisulphite
specific PCR amplicons in each sample are exposed to conditions in which adaptor sequences are ligated to
the 5” and 3’ ends. The unstable base ‘uracil’ is cleaved from the adaptor loop by the ‘USER’ enzyme
provided by the manufacturer. This results in both strands of the double stranded DNA amplicons having
individual adaptors in preparation for the PCR enrichment (barcoding) phase of library preparation. Figure
adapted from the NEB sequencing library preparation protocol.
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2.11.2. Cleanup of adaptor ligations

The adaptor ligated reactions were then cleaned without using fragment size selection.
Hence, fragmentation of DNA, which is commonly adopted in sequencing assays'?* 18,
was not necessary. It was my decision not to fragment DNA based on size selection
because my amplicon sequences were not too large for the capacity of the sequencer.

Avoiding DNA fragmentation additionally prevented the reduction in DNA yield and

quality.

Amplicon cleaning without size selection was performed using the following protocol:

Clean up of adaptor ligated DNA was performed using Agencourt AMPure XP - PCR
Purification (A63880). 86.5ul AMPure beads were suspended in the reactions (1:1
volume ratio), mixed at least 10 times and incubated for 5 minutes at room temperature.
The tubes were briefly centrifuged and placed on a magnetic stand to separate the beads
from the supernatant. The supernatant was removed and discarded, 180ul of 80% ethanol
was added to the tubes containing the magnetic beads and left to stand for 30 seconds
before the supernatant was removed and discarded. This step was repeated once more
before the beads were left to air dry for 5 minutes in the tubes on the magnetic stand with
the lids open. The tubes were removed from the magnetic stand and 17ul of 0.1x Tris-
EDTA solution was added, mixed and left to incubate for 2 minutes at room temperature
to elute the DNA. The tubes were placed back on the magnetic stand for 5 minutes and

15ul of the clear solutions were transferred to new PCR tubes for amplification.
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2.11.3. PCR enrichment of adaptor ligated DNA (barcoding)

At this stage, all individual samples containing the isolated genomic loci of interest now
had adaptor sequences attached to 5° and 3’ ends of the double stranded bisulphite PCR
amplicons. These adaptors are specific to the primers used in the next stage of the

barcoding procedure, which adopts a dual index primer strategy.

Dual indexing is enabled by adding a unique index to both ends of a sample to be
sequenced. Up to 96 different samples can be uniquely indexed by combining each of the

12 i7 primers with each of the 8 i5 primers.

Table 6 and 7 display the sequence specific primers used for barcoding of the individual

samples.

60



Chapter 2: Methodology

EXPECTED
INDEX
PRIMER
SEQUENCE
PRODUCT INDEX PRIMER SEQUENCE READ
5°-AATGATACGGCGACCACCGAGATC-
NEBNext TACACTATAGCCTACACTCTTTCCCTA-
#ET603A: 0.060 ml | i501 Primer | CACGACGCTCTTCCGATC*T-3" TATAGCCT
5°-AATGATACGGCGACCACCGAGATC-
NEBNext TACACATAGAGGCACACTCTTTCCCTA-
#E7604A: 0.060 ml | i502 Primer | CACGACGCTCTTCCGATC*T-3° ATAGAGGC
5°-AATGATACGGCGACCACCGAGATC-
NEBNext TACACCCTATCCTACACTCTTTGCCTA-
#E7605A: 0.060 ml | i503 Primer | CACGACGCTCTTCCGATC*T-3° CCTATCCT
5 -AATGATACGGCGACCACCGAGATC-
NEBNext TACACGGCTCTGAACACTCTTTCCCTA-
#E7606A: 0.060 ml | i504 Primer | CACGACGCTCTTCCGATC*T-3 GGCTCTGA
5 -AATGATACGGCGACCACCGAGATC-
NEBNext TACACAGGCGAAGACACTCTTTCCCTA-
#ET607A: 0.060 ml | i505 Primer | CACGACGCTCTTCCGATC*T-3° AGGCGAAG
5°-AATGATACGGCGACCACCGAGATC-
NEBNext TACACTAATCTTAACACTCTTTCCCTA-
#E7608A: 0.060 ml | i506 Primer | CACGACGCTCTTCCGATC*T-3° TAATCTTA
5°-AATGATACGGCGACCACCGAGATC-
NEBNext TACACCAGGACGTACACTCTTTCGCTA-
#E7609A: 0.060 ml | i507 Primer | CACGACGCTCTTCCGATC*T-3" CAGGACGT
5"-AATGATACGGCGACCACCGAGATC-
NEBNext TACACGTACTGACACACTCTTTCCCTA-
#E7610A: 0.060 ml | i508 Primer | CACGACGCTCTTCCGATC*T-3° GTACTGAC

Table 6 - i5 primer index sequences for multiplex sequencing: Each individual DNA sample for

sequencing is ligated with adaptor sequences to the 5” and 3’ ends. After this, index primers are attached to

the adaptor sequences which are unique and essentially allow identification of individual samples after

sequencing. Table adapted from the NEB sequencing library preparation protocol.
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EXPECTED
INDEX
PRIMER
SEQUENCE
PRODUCT INDEX PRIMER SEQUENCE READ
5 -CAAGCAGAAGACGGCATACGAGA-
NEBNext TCGAGTAATGTGACTGGAGTTCAGAC-
#E7611A:  0.040ml | i701 Primer GTGTGCTCTTCCGATC*T-3° ATTACTCG
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TICTCCGGAGTGACTGGAGTTCAGAC-
#E7612A: 0.040 ml | i702 Primer GTGTGCTCTTCCGATC*T-3° TCCGGAGA
5'-CAAGCAGAAGACGGCATACGAGA-
NEBNext TAATGAGCGGTGACTGGAGTTCAGAC-
#ET613A:  0.040 ml | i703 Primer GTGTGCTCTTCCGATC T-3° CGCTCATT
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TGGAATCTCGTGACTGGAGTTCAGAC-
#E7614A: 0.040 ml | i704 Primer GTGTGCTCTTCCGATC*T-3° GAGATTCC
5 -CAAGCAGAAGACGGCATACGAGA-
NEBMext TITCTGAATGTGACTGGAGTTCAGAC-
#ET615A:  0.040 ml | i705 Primer GTGTGCTCTTCCGATC T-3° ATTCAGAA
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TACGAATTCGTGACTGGAGTTCAGAC-
#E7616A: 0.040ml | i706 Primer GTGTGCTCTTCCGATC*T-3° GAATTCGT
5-CAAGCAGAAGACGGCATACGAGA-
NEBMext TAGCTTCAGGTGACTGGAGTTCAGAC-
#ET617A:  0.040ml | i707 Primer GTGTGCTCTTCCGATC T-3° CTGAAGCT
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TGCGCATTAGTGACTGGAGTTCAGAC-
#E7618A: 0.040ml | i708 Primer GTGTGCTCTTCCGATC*T-3° TAATGCGC
5-CAAGCAGAAGACGGCATACGAGA-
NEBMNext TCATAGCCGGTGACTGGAGTTCAGAC-
#E7619A: 0.040ml | i709 Primer GTGTGCTCTTCCGATC*T-3° CGGCTATG
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TITCGCGGAGTGACTGGAGTTCAGAC-
#E7620A: 0.040ml | i710 Primer GTGTGCTCTTCCGATC*T-3° TCCGCGAA
5 -CAAGCAGAAGACGGCATACGAGAT-
NEBMext GCGCGAGAGTGACTGGAGTTCAGAC-
#E7621A:  0.040ml | i711 Primer GTGTGCTCTTCCGATC*T-3° TCTCGCGC
5'-CAAGCAGAAGACGGCATACGAGA-
NEBMext TCTATCGCTGTGACTGGAGTTCAGAC-
#E7622A:  0.040ml | i712 Primer GTGTGCTCTTCCGATG*T-3° AGCGATAG

Table 7 —i7 primer index sequences for multiplex sequencing: Each individual DNA sample for
sequencing is ligated with adaptor sequences to the 5” and 3” ends. After this, index primers are attached to
the adaptor sequences which are unique and essentially allow identification of individual samples after

sequencing. Table adapted from the NEB sequencing library preparation protocol.
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A specific laboratory set up of these reactions is suggested by the manufacturer New

England Bio labs, and is as follows:
Ensure that a valid combination of i7 and i5 primers is used.

Arrange (orange) i7 primers in increasing order horizontally, so that i701 is in column 1,

i702 is in column 2, i703 is in column 3, etc.

Arrange the (white) i5 primers in increasing order vertically, so that i501 is in row A,

1502 is in row B, i503 is in row C, etc.
Record their positions on the PCR setup template.

Using a multichannel pipette, add desired volume of (white) i5 primers to every column
of the PCR plate. It is critical to change tips between columns to avoid cross

contamination.

Using a multichannel pipette, add desired volume of (orange) i7 primers to every row of

the PCR plate. It is critical to change tips between rows to avoid cross-contamination.

Figure 10 visually displays the recommended set up of the PCR enrichment reactions.
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Figure 10 - Suggested set up of dual index strategy to ‘barcode’ DNA samples: During PCR
enrichment of adaptor ligated DNA fragments in the sequencing library, only a unique combination of i7
and i5 index primers should be used for each DNA sample for identification after sequencing. Figure
adapted from the NEB sequencing library preparation protocol.
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Following these guidelines, Figure 11 and 12 show how the samples were set up when
conducted for this project on PBMC and VSMC DNA for bisulphite sequencing assays

(Chapter 4 and 5 respectively).

Primer i701 i702 i703 i704 i705 i706 i707 i708 i709 i710 i711 i712

position 1 2 3 4 5 6 7 8 9 10 11 12

503 A 8¢ 16C 24C 32c 41c 49c 56 69 78 86 94 102
i508/i701 | i508/i702 | i508/i703 (i508/i704 i508/i705 | i508/i706 | i508/i707 | i508/i708 | i508/i709 | i508/i710 | i508/i711 | i508/i712

507 5 7c 15C 23C 31c 40c 48¢c 55 68 7 85 93 101
i507/i701 | i507/i702 | i507/i703 (i507/i704| i507/i705 | i507/i706 | i507/i707 | i507/i708 [i507/i709 | i507/i710 | i507/i711 | i507/i712

1506 ¢ 6c 14C 22C 30c 39c 47c 54 67 76 84 92 100
i506/i701 | i506/i702 | i506/i703 (i506/i704 i506/i705 | i506/i706 | i506/i707 | i506/i708 | i506/i709 | i506/i710 | i506/i711 | i506/i712

505 b 5¢c 13C 21C 29c 38¢c 46¢ 53 65 75 83 91 99
i505/i701 | i505/i702 | i505/i703 (i505/i704 i505/i705 | i505/i706 | i505/i707 | i505/i708 | i505/i709 | i505/i710 | i505/i711 | i505/i712

504 . 4c 12C 20C 28¢ 37c 45¢ 52 64 74 82 90 98
i504/i701 | i504/i702 | i504/i703 (i504/i704 i504/i705 | i504/i706 | i504/i707 | i504/i708 | i504/i709 | i504/i710 | i504/i711 | i504/i712

503 . 3c 11C 19C 27c¢ 36 44c 51 61 73 81 89 97
i503/i701 | 503/i702 | i503/i703 (i503/i704 i503/i705 | i503/i706 | i503/i707 | i503/i708 | i503/i709 | i503/i710 | i503/i711 | i503/i712

502 ¢ 2c 10C 18C 26¢ 35¢ 43c 50 59 71 80 88 96
i502/i701 | i502/i702 | i502/i703 (i502/i704 i502/i705 | i502/i706 | i502/i707 | i502/i708 | i502/i709 | i502/i710 | i502/i711 | i502/i712

501 " 1c 9C 17C 25¢ 34c 42c 49 58 70 79 87 95
i501/i701 | i501/i702 | i501/i703 (i501/i704( i501/i705 | i501/i706 | i501/i707 | i501/i708 | i501/i709 | i501/i710 | i501/i711 | i501/i712

Figure 11 - Plate layout for barcoding of PBMC samples for sequencing: The first sequencing assay in

this PhD was conducted on 96 peripheral blood DNA samples (48 AAA and 48 controls). The bar
coding/adaptor ligation for sample identification purposes can be observed.
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Primer i701 1702 i703 1704 i705 i706
position 1 2 3 4 5 6
(508 A 8c 16C 4 12 20
i F.
1508/i701 i508/1702 1508/1703 1508/i704 i508/705
507 B Te 15C 3 11 19
15
1507/1701 i507/4702 1507/41703 1507/i704 i507/4705
(506 c Gc 14C 2 10 18
15
1506/1701 i506/1702 1506/1703 1506/i704 i506/1705
505 b Sc 13C 1 9 17
1505
i505/i701 i505/i702 i505/i703 i505/i704 i505/i705
504 E 4c 12C 20C 8 16 24
15
1504/i701 i504/1702 1504/1703 1504/i704 i504/41705 1504/i706
503 F 3c 11C 19C 7 15 23
1503
i503/1701 i503/1702 i503/i703 i503/i704 i503/1705 i503/1706
(502 G 2¢ 10C 18C 6 14 22
15
i502/i1701 i502/1702 i502/i703 i502/1704 i502/1705 i502/i706
:501 - 1c 92C 17C 5 13 21
15
1501/1701 1501/1702 1501/1703 1501/1704 1501/1705 15014706

Figure 12 - Plate layout for barcoding of VSMC samples for sequencing: The second sequencing assay
in this PhD was conducted on 44 peripheral blood DNA samples (24 AAA and 20 controls). The bar
coding/adaptor ligation for sample identification purposes can be observed.

The components for PCR enrichment of adaptor ligated DNA are as follows:

25ul NEBNext Q5 hot start PCR master mix, 5ul i5 Multiplex primers and 5ul i7

Multiplex primers were added to the 15ul adaptor ligated DNA solutions to make a total

volume of 50ul. Combinations of i5 and i7 primers were specific to each sample (total of

96 combinations) for identification after sequencing.
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Cycling conditions for PCR enrichment of adaptor ligated DNA are shown in Table 8.

Temperature Time Function Cycles
98°C 30 seconds  Denature 1
98°C 10 seconds  Denature 4
65°C 75seconds  Anneal/extension 4
65°C 5 minutes Final extension 1

4°C hold

Table 8 — Cycling conditions for PCR enrichment of adaptor ligated DNA.

Finally, cleanup of the bar coded PCR amplicons was necessary, which was performed

using the Agencourt AMPure XP - PCR Purification method as previously described

using a 1:1 volume ratio of beads.
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2.12. Agilent Bioanalyzer analysis for sequencing

Each of the adaptor ligated, bar coded DNA samples were ran on an Agilent 2100
Bioanalyzer Instrument®®? (expert High Sensitivity DNA chip) to assess sample DNA
concentration and to check the presence and distribution of correct fragment sizes
following standard protocol (Agilent High Sensitivity DNA Assay Protocol). With
automated electrophoresis, the Agilent 2100 Bioanalyzer system provides sizing,

quantitation, and purity assessments for DNA, RNA, and protein samplest®,

The Bioanalyzer works the same as other electrophoretic equipment, such as gel tanks, by
utilising the electrophoretic potential of DNA molecules, which are negatively charged.
Therefore, when a sample for sequencing is loaded on to the same chip as a DNA ladder
containing varied DNA fragment sizes, it is possible to gauge DNA fragment size of the
inserts (Figure 13). In addition, the bioanalyzer accurately assesses concentrations of

DNA fragments.
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Figure 13 — Data output from 2100 Agilent Bioanalyzer: Figure displays an example of a single pooled
DNA sample (above) that has been ran on a bioanalzer chip and contains a variety of fragment insert sizes.
The sample is compared against a DNA ladder (below) of standard DNA fragment sizes. When comparing
the fluorescent signals of the samples and the ladder, it is generally easy to acquire fragment sizes and

concentrations of samples.
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The protocol for the Agilent Bioanalyzer is as follows:

For each chip used (capacity for 11 DNA samples), 9.0ul of gel-dye mix was added at the
bottom of the well (marked ‘G’) and dispersed with a syringe plunger. 9ul of gel-dye mix
was then added to each of the other wells marked ‘G’. 5 pL of green-capped High
Sensitivity DNA marker was added into the well-marked with the ladder symbol and into
each of the 11 sample wells. 1 pl of the High Sensitivity DNA ladder vial was added in
the well-marked with the ladder symbol, and in each of the 11 sample wells 1 pL of
sample was added. The chips were vortexed for 60 seconds at 2400 rpm and placed in the
Bioanalyzer. The select-region function was used to determine the concentration of each

sample spanning the range of insert fragment sizes.

The insert fragment sizes and estimated concentrations of samples given by the

Bioanalyzer were used to pool the individual samples prior to sequencing at 4nM.
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2.13. Next generation sequencing (NGS) — lllumina Mi-seq

NGS is defined by the advancement of the more primitive Sanger cycle sequencing
(sequencing by synthesis). Normal dNTPs are incorporated in to each cycle of the
reaction until a certain position in the fragment is terminated by a specific, fluorescently
labelled ddNTP base (termination base). After numerous cycles, DNA fragments with
ddNTP dye terminators at each position allow the recognition of the entire input

sequence!®® (Figure 14).

3 3

Primer

3" Template strand -

ATG

ATG

ATGCT
ATGCTT
ATGCTTG
ATGCTTG
ATGCTTGCA
ATGCTTGCAA
ATGCTTGCAAT

Figure 14 — Principle of ddNTP base terminators in sequencing by synthesis reactions: A mix of
dNTPs (deoxynucleotides) and ddNTPs (dideoxynucleotides) are incorporated in to a sequencing by
synthesis reaction until there are many fragments that contain the ddNTP base terminators that are
fluorescently labelled. In doing this, the fragments can then be sorted by size after many cycles and the full
sequence of the DNA fragment can be established.
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Illumina NGS, which was adopted in this PhD project, operates similarly to Sanger
sequencing, as it also uses the sequencing by synthesis method. However, this is
conducted on a massively parallel scale, yielding substantially more throughput than
Sanger sequencing. As a result of this technology, millions of sequencing reads can be
obtained from a single run, capable of assessing the entire genome, or, more applicable to
this project, enabling deep sequencing of many different targeted loci in a number of

multiplexed samples, all in a single sequencing run.

As previously described, NGS samples for sequencing are prepared by ligating
specialised adaptors to the ends of the 5* and 3’ ends of the DNA fragments. The library
prepared DNA is loaded on to the flow cell of the sequencer, where the reaction takes
place. Each adaptor ligated DNA fragment hybridises to the surface of the flow cell, and
each bound fragment is amplified (using sequencing by synthesis) in to a clonal cluster.
There are millions of clonal cluster reactions on a single flow cell, which allows for such
high throughput. On very high performance machines (Illumina Hi-seq platform), several
flow cells can be used in each sequencing run, demonstrating just how much high
throughput potential the technology has. Figure 15 provides a visual demonstration of

how Illumina NGS works.
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Cluster Amplification

o
nm

l Flow Cell

Bridge Amplification
Cycles

Sequencing Cycles ( )

Data is exported to an output file l

Digital Image

Cluster 1 > Read 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAC... Text File

Figure 15 - Summary of how Illumina NGS works: The sequencing library is loaded in to the flow cell
and the fragments hybridise to the surface. Each bound fragment is amplified in to a cluster. During each
cycle, amplification reagents, including fluorescently labelled nucleotides, are added. Each incorporated
base is read by the sequencer, which is based on the specific wavelength emitted by each different base.
Sequencing runs can consist of up to ~600 cycles if using paired-end sequencing. Figure adapted from
Illumina: https://www.illumina.com/content/dam/illumina-
marketing/documents/products/illumina_sequencing_introduction.pdf
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This methodology is regarded as the gold standard technique of DNA methylation
analysis, providing single CpG base resolution and higher accuracy in comparison to
other methylation assays such as the Illumina 450k methylation micro-array!’®. Using this
methodology therefore has the potential to yield very high impact research, and was by

far the methodology of choice in this PhD project.

However sequencing can be expensive, and compromises were made based on resources,
funding, and time available to conduct and finish the work during the timeframe of the
PhD. This is primarily why targeted sequencing was chosen over whole genome
sequencing. As a result of the specific experimental approach required for targeted
bisulphite sequencing of candidate genes, the Illumina Mi-seq was chosen as the
sequencing platform. The Mi-seq is ideal for targeted sequencing, whereas more high
performance machines such as the Hi-seq (most commonly used for whole genome

sequencing), would be more costly and would yield more data than necessary.

A paired-end multiplexed sequencing (2x310bp) approach was adopted, meaning that the
DNA fragments were sequenced on both strands. When thinking of DNA as a single
linear fragment, this essentially means that each fragment was read from the beginning
towards the end, and from the end towards the beginning, for 310 base pairs each way.
Therefore the total capacity for the sequencing runs were a total of around 620bp

fragments.

The sequencing reactions were conducted following optimised protocols for the Mi-seq
platform, provided by Illumina. The specific sequencing kit used was the MiSeq Reagent
Kit v3: Firstly, the pooled multiplex sequencing library (5ul of 4nM library) was
denatured by mixing with 5ul of 0.2 N NaOH. This solution was vortexed and

centrifuged at 240 x g for 1 minute and incubated at room temperature for 5 minutes.
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Then, 990ul pre-chilled HT1 was added to the tube containing the denatured library and
mixed. This subsequent denatured 20pM library was further diluted to a concentration of
15pM by mixing 450ul 10pM library and 150ul pre-chilled HT1. This solution was left
on ice while a PhiX internal sequencing control was created. 10nM PhiX library (2ul)
was mixed with 10mM Tros-Cl, PH 805 with 0.1% Tween 20 (3ul) and denatured by
combining with 5ul 0.2 N NaOH. The 10ul solution was vortexed, centrifuging for 1
minute at 280 x g and left to incubate for 5 minutes at room temperature. The denatured
PhiX library was added to 990ul pre-chilled HT1 to dilute to 20pM. 570ul of the original
multiplexed denatured sample library was mixed with 30ul of the PhiX control library
before loading into the reagent cartridge which had been thawing at room temperature for
90 minutes. The reagent cartridge was then insterted into the sequencer through the
reagent chiller door. The on screen instructions were then followed based on a paired end

310 cycle run.

Two separate library preparations and sequencing assays were conducted in this PhD; one

assay to sequence DNA from PBMCs and the other to sequence DNA from VSMCs.

Figure 16 is a photograph of the Mi-seq used for this research, which is based in the

Department of Genetics, University of Leicester.
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Figure 16 — Photograph of Illumina mi-seq: Platform used to conduct targeted bisulphite sequencing of
multiplexed samples.
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2.14. Bioinformatics analysis of sequencing data

The data output from a NGS run is very extensive, and consists of millions of individual
sequencing reads for each individual sample. These reads are automatically dedicated to
individual sample files by the sequencing platform (fast-q files), based on the index
sequences which are attached during sequencing library preparation. The data load of
these files is too large to manually assess, which is why bioinformatics software has been
developed over the years since the advent of NGS. The relevant software necessary for
this analysis is primarily run on the command line due to the processing power that is
required. For this project | performed the bioinformatics analysis of sequencing data on

the ALICE High Performance Computing Facility at the University of Leicester.
The work flow is as follows:

A provisional data quality filter was applied with a programme called Trimmomatic to
remove all low quality raw sequencing reads®. This process removed contaminating
[llumina adaptor sequences from raw sequencing reads, and trimmed the ends of all
sequencing reads at a Phred quality score of 15 (Q15). Q scores are standard measures of
quality produced by Illumina sequencers, which essentially highlights the probability of
the base being called correctly. Q15 is equivalent to an accuracy of 95%. The same
software was additionally used for the sliding window function, which clips and discards

sequencing data in each read at Q15, 4 bases at a time.
The specific commands for the trimmomatic functions were:

Remove adaptors:
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trimmomatic PE -phred33 -threads 2 -trimlog logfile RAW-SAMPLE-1.fastg RAW-
SAMPLE-2.fastq left-paired.fastq left-unpaired.fastq right-paired.fastq right-

unpaired.fastq ILLUMINACLIP:../TruSeq3-PE-2.fa:2:40:15 MINLEN:36

Trim low quality:
trimmomatic PE -phred33 -threads 2 -trimlog logfile2 left-paired.fastq right-paired.fastq
80-1-final.fastq left-trim-unpaired.fastq 80-2-final.fastq right-trim-unpaired.fastq

LEADING:15 TRAILING:15 SLIDINGWINDOW:4:15 MINLEN:36

Reference alignment of the quality filtered sequencing reads was then conducted for each

individual sample using software called BWA-meth: https://github.com/brentp/bwa-meth.

The reference sequences used in this project were compiled by me, and contained only
the targeted gene regions of interest to this study. The specific candidate gene sequences
for Chapter 4 and 5 (GRCh38) were compiled in to separate files for use as reference
sequences, which can be viewed in Appendix | and Il. BWA-meth is specifically
designed to align bisulphite sequencing data by converting the reference sequence
similarly to how bisulphite treatment of DNA would. This subsequently produces
sequencing read alignments to the reference sequences that are more suitable for
methylation data than a standard genome aligner, and the alignments are therefore more

accurate.

The specific command used for BWA-meth reference alignment is:

python /alice/scratch/aortaneu/bt96/bt96/bwa-meth-0.10/bwameth.py --reference ~/REF-

SEQ.fa SAMPLE-PAIRL.fastg SAMPLE-PAIR2.fastq --prefix OUTPUT
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PCR duplicates for all BAM files were marked and excluded with the Picard utility

MarkDuplicates: http://broadinstitute.github.io/picard/ and the final processed files were

185

sorted and indexed with Samtools*° using the following commands:

java -jar /cm/shared/apps/picard/1.93/MarkDuplicates.jar INPUT=SAMPLE.bam

OUTPUT=SAMPLE.bam METRICS_FILE=dupl_metrics.txt

samtools sort SAMPLE.bam OUTPUT-SAMPLE

samtools index OUTPUT-SAMPLE.bham

Finally, for each sample, the methylation values (normalised as methylation %) of each
sequenced CpG in each gene were extracted to a bedGraph file with high quality filter

thresholds using PileOMeth: https://github.com/dpryan79/PileOMeth software.

Read alignment quality was filtered at an accuracy of Q50 (99.999%).

Base quality was filtered at an accuracy of Q20 (99%).

A minimum read depth of 5 was also applied.

Sequencing data that did not meet these criteria were excluded from the study, rendering

the final methylation calls incredibly accurate.

The specific command for methylation calling was:

/alice/scratch/aortaneu/bt96/bt96/PileOMeth/PileOMeth extract --mergeContext --

minDepth 5 --keepSingleton --keepDiscordant -q 50 -p 20 ~/REF-SEQ.fa SAMPLE.bam
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The idea behind bioinformatics programming is that whatever you tell the computer to
do, it will do, providing you know how to ask it. Therefore it is very important that these
commands are produced perfectly, considering a single character change or phrases in the

wrong order will result in a failed command, and there will be no output.

A summary of the commands used for bioinformatics analysis of the NGS data acquired
in this project are displayed in Figure 17, whilst a flow chart summary of bioinformatics

work flow is shown in Figure 18.

REMOVE ADAPTORS

trimmomatic PE -phred33 -threads 2 -trimlog logfile PATR1 fastq PATR? fastq left-paired fastq left-
unpaired fastq right-paired fastq nght-unpaired fastq ILLUMINACLIP: /TruSeq3-PE-2 fa:2:40:15
MINLEN:36

TRIM LOW QUALITY:

trimmomatic PE -phred33 -threads 2 -trimlog logfile2 left-paired fastq right-patred fastq final-1 fastq
left-trim-unpaired fastq final-2 fastq right-trim-unpaired fastq LEADING:15 TRATLING:15
SLIDINGWINDOW:4:15 MINLEN:36

REFERENCE ALIGNMENT:

python /alice/scratch/aortanen/bt96/bt96/bwa-meth-0.10/bwameth py --reference ~/ngsref? fa final-
1 fastq final-2 fastq —-prefix SAMPLE

REMOVE DUPLICATES:

java -jar /cny/shared/apps/picard/1.93/MarkDuplicates jar INPUT=SAMPLE bam OUTPUT=sample-
dup.bam METRICS FILE=dupl metrics txt

samtools sort sample-dup bam sample-final
samtools index sample-final bam
CALL VARIANTS

/alice/scratch/aortanen/bt96/bt96/PileOMeth/PileOMeth extract --mergeContext —minDepth 5 —
keepSingleton --keepDiscordant -q 50 -p 20 ~/ngsref2 fa sample-final bam

Figure 17 - Bioinformatics command list: The specific commands which were used during the
bioinformatics analysis of next-generation sequencing data during this project are listed. The parts
highlighted in red represent file names, which were variable for each different sample file.
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trimmomatic and fastQC with statistical software

Qc raw read data with ’ Extract data and assess
- Remove adaptors

- Trim quality >Q15 T
Call CpG methylation
values [PileOMeth)
Create reference - Read quality Q30
sequence - Base quality Q20
q - Read depth >5

l 1

Align reads to reference
sequence (BWA-meth)

Visualise mapped reads with
IGV and generate alignment
stats with samtools

Remove duplicate

reads to avoid bias J >

Figure 18 - Summary of bioinformatics workflow and data analysis: Each stage of the analysis for next-
generation sequencing data is presented in a flow chart with the specific filter criteria that was applied.

Bioinformatics analysis of sequencing data is commonly performed without visualisation,
considering the process results in vast amounts of genetic data which has been quantified
to numerical data. However, there is a commonly used software called Interactive
Genomics Viewer (IGV), which helps provide better understanding of the bioinformatics
process by allowing the visualisation of the sequencing alignments to the reference
sequence. Figure 19 displays sequencing read alignments from this project (Chapter 4) in
the LDLR gene across the entire sequenced promoter region. Figure 20 then displays the
same region, which has been zoomed in so that the individual primary base sequence can
be seen. In these examples, all sequenced cytosines have been converted to thymines,
except for those which are methylated (in blue).This is how methylation percentage is
determined, the proportion of methylated vs un-methylated sequencing reads an each

individual CpG site.
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Figure 19 - Screenshot from IGV software used to visually map high quality sequencing reads to the reference sequence for the LDLR gene promoter.
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Figure 20 - A higher resolution screen shot displaying individual bases from mapped sequencing reads to the reference sequence in the LDLR gene promoter.
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2.14.1. Statistical analysis of sequencing data

The methylation data extracted using PileOMeth was taken forward for statistical analysis

using IBM SPSS Statistics 24 and GraphPad prism 7.

To correct for non-normal distribution in the acquired data, each methylation value at
CpG sites in each individual were ranked with inverse normal transformations (Blom
normal scores in SPSS). Many complex traits studied in genetics, including in this
project, have non-normal distributions, and inverse normal transformations have gained
popularity in genetic analysis and are implemented as an option to correct non-normal
distribution®®®. By transforming all data in to ranks, subsequent analysis can be conducted

under the parametric assumption of even distribution of data.

Unpaired multiple t-tests were then conducted on the transformed data (ranked normal
scores) at each sequenced CpG site between cases vs controls for each gene separately.
For multiple comparison testing the false discovery rate approach was adopted. Discovery
was determined using the two-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli, with Q = 10%. CpG sites with significant P values and Q values were then
manually checked to ensure only sites with a noticeably visual difference in methylation
between cases and controls were included to investigate further. Logistic regression was
then performed using SPSS at each significant CpG site to adjust for age differences

between cases vs controls.
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2.15. Summary of NGS workflow

Several different methodologies have been discussed and described as they were carried
out during this PhD project. A visual, simplified sequencing work flow is shown in Figure
21 for greater understanding of the bigger picture of the methodologies that have been

described in depth.
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UKAGS peripheral blood samples (n=96)

Vascular surgery aortic tissue samples (n=44)

! J

Bisulphite conversion | < ———— DNA extraction |<————— | Explant culture to isolate VSMCs

u

isulphi i ; Pool individual samples in to Sequence on Ilumina Mi-seq platform
?ﬁdl::: (s:g;céiﬁc PCR to isolate oneTeaciins o scanning > qui qp
Clean PCR reactions and pool Bioanalyzer analysis to check fragment . - —
individual reactions together sizes and assess concentrations Bioinformatics analysis o

[ i ]

Adaptor ligation and bar-coding for PCR enrichment of library prepared
Ilumina sequencing library preparation ——"| DNA and cleaning of reactions

Statistical analysis of extracted
methylation data

Figure 21 — Summary flow-chart of all the methodologies adopted to complete the next-generation sequencing experiments.
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2.16. Blood plasma protein analysis (ELISAS) for functional

corroboration of PBMC differential methylation

MRNA gene expression analysis is the conventional way to study the relationship
between differential methylation and gene function. However, RNA could not be isolated
from the PBMC samples to measure gene expression of the differentially methylated
genes from Chapter 4. As a result, functional corroboration was studied with the conduct
of ELISAs to assess the blood plasma concentrations of proteins related to the genes that

were differentially methylated in Chapter 4 (LDLR, SORT1, LDL and IL6R).

Each assay was purchased from the manufacturer ‘Elabscience’, and the manufacturer’s

standard protocol was adopted for each assay.

This analysis was performed on 20 AAA and 20 control blood plasma samples for which
there was methylation data. For each assay, blood plasma from each sample was diluted
100x with sterilised distilled water for the effective assay detection range. 100ul diluted
sample, or standard, was added to each well and incubated for 90 minutes at 37°C. The
liquid was removed and without washing, 100ul (1:100) biotinylated detection (primary)
antibody was added and left to incubate for 1 hour at 37°C. The liquid was removed and
the plates were washed with wash buffer 3 times before 100ul (1:100) HRP conjugate
secondary antibody was added. The plates were incubated for 30 minutes at 37°C prior to
5 plate washes with wash buffer, and the addition of the substrate reagent, which was left
to incubate for 5 minutes at 37°C. Stop solution was finally added, and the reactions were
measured with a micro-plate colorimetric spectrophotometer at 450nm. All reactions
were conducted in duplicate, and circulating blood plasma concentrations of LDLR,

SORTL, LDL and IL6R were determined using the standard curve method.
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Graphpad Prism 7 statistical analysis included unpaired t-test to assess differences
between group means and linear regression to determine relationships between CpG

methylation and plasma concentrations.

2.17. RNA extraction for gene expression analysis in VSMCs

RNA isolation was conducted in this study for gene expression analysis, and was
performed following the manufacturers protocol (QIAGEN RNeasy Mini Kit).
Differential methylation of CpG sites in gene promoters, as previously discussed, can
alter gene functionality by influencing gene expression. Therefore, gene expression
analysis was necessary to corroborate the VSMC methylation differences observed from

Chapter 5 (ERG, IL6R, SMYD2 and SERPINB9).
The protocol was as follows:

Isolated cultured VSMCs (n=44) were removed from -80°C storage (from explant
culture), immediately treated with 350ul RLT buffer and mixed vigorously before 350ul
70% ethanol was added. Thawing of cells is avoided as much as possible to prevent RNA
degradation. The lysates were vortexed before being transferred to spin columns placed in
collection tubes. The tubes were centrifuged for 15 seconds at 8,000 x g, the flow through
was discarded, and 700ul RW1 buffer was added. The same centrifugation step was
performed again, and 500ul RPE buffer was added. The tubes were centrifuged again,
and the columns were placed in new collection tubes. 30ul RNase free water was added
to the spin columns, left to stand for 5 minutes, and centrifuged at 8000 x g for 1 minute

to elute the RNA.
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2.18. Genomic DNA digestion to remove contaminating DNA

The purification of total RNA does not guarantee 100% removal of genomic DNA, so it
was necessary to digest any contaminating DNA in the RNA samples before synthesising
cDNA, which if not removed, results in false positive and inconsistent results when
conducting downstream analysis. DNase | digests double and single stranded DNA into

oligo and mononucleotides.

Genomic DNA digestion in the 44 RNA samples was performed following the
manufacturers’ standard protocol (DNase I - RNase-Free: New England BioLabs
MO0303). The 30ul RNA samples were mixed with 1ul (2 units/ul) DNase, 5ul 10x DNase
buffer solution and 14ul RNase free water (50ul final volume). The solutions were
incubated at 37°C for 10 minutes, and 1ul 0.5M EDTA was added before a final

incubation of 75°C for 10 minutes.

2.19. CDNA synthesis for gPCR

Finally, the RNA was synthesised to cDNA (more stable for analysis than RNA). CDNA
was synthesised from the DNase digested RNA using the ThermoFisher High-Capacity

cDNA Reverse Transcription Kit (4368814) according to the manufacturers protocol.

Reactions consisted of 2ul 10x buffer, 0.8ul 25x dntp mix, 2ul 10x random primer mix,
1ul reverse transcriptase, 4.2 ul RNase free water and 10ul DNase treated RNA (final
volume 20ul). The cycle conditions for cDNA synthesis were: 25°C for 10 minutes, 37°C
for 120 minutes, 85°C for 5 minutes and 4°C hold. Converted RNA (cDNA) was stored at

-20°C until required for gene expression analysis.
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2.20. TagMan gene expression analysis (QPCR) for functional

corroboration of VSMC differential methylation

Real time gPCR is a high throughput methodology which can assess gene expression
levels in cDNA derived from purified mRNA. The technique is also commonly used for
genotyping target DNA at variant loci*®” 188 and involves amplification and target

detection in a single step, allowing quantitative data collection throughout the reaction.

The process involves using fluorescent chemistry which correlates with the exponential
product of the PCR reaction*®, This is determined by the cycle threshold (point in the
reaction where linear exponential amplification of the target sequence is first detected).
Resultantly, the larger the amount of starting product in the reaction, the lesser amount of
cycles it takes to reach this Ct value!®®, By using a housekeeper gene (expressed in all
cells of an organism under normal and patho-physiological conditions) as an internal
reference for normalisation, the relative differences in expression of genes from diseased

and healthy samples can be established.

For each gene where differential methylation was observed after VSMC bisulphite
sequencing (SMYD2, IL6R, SERPINB9 and ERG) pre-designed TagMan gene expression

assays were purchased from Fisher Scientific UK (which were all exon spanning):
Hs01554629 m1 (ERG gene FAM-MGB dye)

Hs00220210_m1 (SYMD2 gene: FAM-MGB dye)

Hs01075666_m1 (IL6R gene: FAM-MGB dye)

Hs00394497 m1 (SERPINBY gene: FAM-MGB dye)

Hs02758991 g1 (GAPDH gene: FAM-MGB dye) — normalization reference gene.
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GAPDH was chosen as the housekeeper gene for this analysis, as a PhD student in my lab
assessed which genes are most appropriate for VSMCs from a range of potential
candidates. Using a software called ‘NormFinder’, which is an algorithm for identifying
the optimal normalization gene among a set of candidate genes, it was identified that

GAPDH was the most suitable out of 6.

The results from this analysis are below (Table 9), where lower stability values represent
more consistent expression patterns between samples, and therefore highlights the most

appropriate candidates for potential use as a housekeeper gene.

Hu PGK1 HuTBP Hu GAPDFHu B2M Hu 18S RN Hu ELF1
CrMean CrMean CrMean CrMean CrMean CrMean

Mean 26.09669 34.19445 23.26022 22.88179 16.50121 27.2176S
Stability value 0.173689 0.209648 0.163216 0.307518 0.420254 0.194112

Table 9 — NormFinder results for potential housekeeper genes: After a series of candidate genes were
tested to see which the most stably expressed in VSMCs were, GAPDH was chosen.

The TagMan gPCR assays were all performed on an Applied Biosystems Step One Plus
gPCR system in duplicate and the gPCR constituents were as follows in a 20ul total
volume: 10ul 2x TagMan Gene Expression Master Mix (ThermoFisher), 1ul 20x TagMan
Gene Expression primers/probes (ThermoFisher), 7ul sterilised distilled water and 2l

cDNA. The TagMan gPCR cycling conditions are displayed in Table 10.
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Temperature Time Cycles
50°C 2 minutes 1
95°C 20 seconds 1
95°C 1 second 40
60°C 20 seconds 40

Table 10 - TagMan gene expression qPCR cycling conditions.

Mean Ct values from duplicate reactions of the target gene were subtracted from the
mean Ct values of the housekeeper gene to acquire inverse delta Ct values (higher value
represents higher expression). Delta Ct values of cases vs controls were compared using
two tailed unpaired t-tests in GraphPad Prism 7. The relationship between gene
expression and DNA methylation % at CpG sites where significant differential
methylation was observed were assessed in each respective gene using linear regression

analysis.
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2.21. Immunohistochemistry to assess protein expression in aortic tissues

Immunohistochemical analysis of aortic tissue was conducted in this project as part of the
functional corroboration of observed differential methylation (Chapter 6) from Chapter 4
and 5. The technique utilises antibody binding specificity to target certain proteins,
enabling the identification of translated expression profiles of target genes. Specifically,
staining of SMYD2 was conducted during this PhD to determine and corroborate whether
differences in protein expression would exist between 3 AAA and 3 control abdominal
aortic tissue samples, which were identified as differentially methylated and expressed

during previous stages of the project.

Three assays were conducted for each individual aortic tissue sample, meaning a total of
18 slides were prepared for microscopy. Six slides (3 controls and 3 AAA) were prepared
with a SMYD2 polyclonal rabbit antibody at 50: 1 (ThermoFisher — PA5-51339), six
control slides (3 controls and 3 AAA) were prepared with no primary antibody, and six
slides (3 controls and 3 AAA) were also prepared with a smooth muscle actin polyclonal
rabbit antibody at 100: 1 (ThermoFisher - PA5-19465). This was so that the regions
densely populated with smooth muscle cells could be identified in the aorta (tunica
media), and the SMY D2 staining analysis was concentrated on where the highest density
of smooth muscle fibres was seen. The primary antibodies were detected using the
NOVOLINK polymer detection system (Novocastra RE7140-K) and visualisation of the
slides was performed on the Hamamatsu Nanozoomer 2.0HT Slide Scanner with the use

of NDP VIEW2 software (U12388-01).

The in depth protocol for immunostaining, which was carried out on cut frozen sections

from aortic tissues was as follows:
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Air dry the frozen tissue cuts for 30 minutes and fix in Acetone for 10 minutes. Rinse in
PBS before incubating in peroxidase block for 15 minutes (block endogenous peroxidase
activity). Wash slides in PBS for 2 x 5 minutes, then incubate with protein block
(blocking of non-specific antibody binding) for Lhour. Wash slides in PBS for 2 x 5
minutes and incubate with optimally diluted primary antibody for one hour at room
temperature. Wash the slides in PBS for 2 x 5 minutes and incubate with Post Primary
Block for 30 minutes. Wash slides in PBS for 2 x 5 minutes and incubate with Post
Primary NovoLink Polymer (anti-rabbit Poly-HRP-1gG) for 30 minutes. Wash slides in
PBS for 2 x 5 minutes and finally develop peroxidase activity with DAB working

substrate solution for 5 minutes.

2.22. Summary of statistical analysis

Specific descriptions of data and statistical analysis for each experiment have been
described under the relevant methodology sections. In summary, statistical analyses were
conducted using GraphPad Prism 7 (GraphPad Software, Inc., CA, USA) and IBM SPSS
Statistics 24 (IBM, NY, USA). Continuous parametric data are presented as mean value +
standard deviation (SD) and non-parametric data are presented as median value and
range; categorical data are presented as absolute value or percentage. The chi-square test
was used to compare categorical data. T-test was used to compare continuous parametric
data. Pearson’s correlation coefficient was calculated to assess linear dependence
between two variables. A P value of <0.05 was considered statistically significant. Where
applicable, a Q value has been reported (Q<0.1), adjusted for False Discovery Rate

(FDR).
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3. Chapter 3 — Results section 1

Peripheral blood mononuclear cell global DNA methylation
and circulating homocysteine analysis in AAA
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3.1. Introduction

It was highlighted in Chapter 1 of this thesis (introduction) that the major pathological
hallmarks of AAA are inflammation, VSMC apoptosis and ECM degradation.
Essentially, AAA is considered an inflammatory disease due to the significant impact
irregular inflammatory responses play in ECM degradation, vascular remodelling,
weakening of the aorta and subsequent aortic dilation as a result of haemodynamic force
exerted against the aortic wall'® 2426 |t has also been observed that aberrant changes in
DNA methylation are in turn associated with irregular inflammatory responses in other
major inflammatory diseases®3, but has never been investigated in regards to AAA. It is
plausible that the induction of similar changes to methylation status within the genome

may contribute to the development and progression of AAA.

Homocysteine is synthesised from methionine and is strongly linked to the regulation of
DNA methylation (homocysteine is produced as a by-product of the methyltransferase
reaction)®®. Abnormal levels of homocysteine have been associated with adverse changes
in DNA methylation, which can subsequently contribute towards disease®°.
homocysteine has previously been studied in AAA and is considered a potential
biomarker of cardiovascular disease!®®, however homocysteine has never been studied in
relation to global DNA methylation in AAA, which was reviewed by Krishna et al.,'%*

and is considered an important potential avenue of research.
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3.1.1. Aims

The aims of the first results Chapter (Chapter 3) are as follows:

1. To establish whether changes in global DNA methylation are evident in DNA taken

from the peripheral blood of patients with AAA compared to healthy controls.

2. To establish whether changes in circulating homocysteine levels are evident in blood

plasma taken from AAA patients compared to healthy controls.

3. To establish whether there is a direct relationship between global DNA methylation

levels and circulating homocysteine.

3.1.2. Objectives

1. Conduct enzyme linked immunosorbent assays (ELISAS) on purified DNA taken from

the peripheral blood of 93 AAA and 92 controls to assess global DNA methylation.

2. Perform ELISAs on blood plasma taken from 70 AAA and 67 controls to determine
circulating homocysteine concentrations from the same individuals used for the global

DNA methylation assay.

3. Perform linear regression to establish whether global DNA methylation is directly

related to circulating homocysteine in AAA.
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3.1.3. Hypotheses

1. It is hypothesised that aberrant levels of global DNA methylation will be observed in

those with AAA compared to controls.

2. It is hypothesised that there will be changes in the concentration of circulating

homocysteine in those with AAA compared to controls.

3. It is hypothesised that there will be a linear relationship between aberrant global DNA

methylation levels and aberrant circulating homocysteine concentrations.

3.2. Population

Whole genome DNA methylation levels were assessed in DNA derived from 185 PBMC
samples from the UKAGS resource (48 large AAA, 45 small AAA and 92 controls) using
a colorimetric ELISA. Risk factors that are known to be associated with AAA can be
confounders of DNA methylation and include age, smoking, gender, and ethnicity. To
help prevent any confounding effects of these factors, white males over the age of 65 with
at least a 10 year history of smoking were selected for the study. Table 11 displays the

sample group demographics.

48 Large AAA 45 Small AAA 92 Controls

(>5.5cm) (3.0-5.5cm) (<2.5cm)
Median age (IQR) 74 (69-77) 70 (68-74) 68 (65-71)
Mean aortic diameter (cm (+/- SD)) 6.8 (0.96) 4.4 (0.68) 1.9(0.1)

Table 11 - Demographic summary of samples used for peripheral blood global DNA methylation
analysis.
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A total of 137 blood plasma samples of those used in the global methylation assays were
available (67 controls and 70 AAA) for homocysteine analysis, again performed using
colorimetric ELISAs. Table 12 displays group demographics of samples used for

homocysteine analysis.

70 AAA 67 Controls
(30-71mm) (<25mm)
Median age (IQR) 73 (68-76) 68 (65-72)
Mean aortic diameter (cm (+/- SD)) 51(1.2) 1.9(0.1)

Table 12 - Demographic summary of samples used for homocysteine analysis in blood plasma.
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3.3. Global DNA methylation analysis

After global methylation values were acquired for each individual DNA sample
(normalised as %), the controls, small AAA and large AAA values were compared.

Figure 22 displays the results from the global methylation assay.
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Figure 22 — Global DNA methylation analysis: Levels of peripheral blood DNA methylation in controls
(1.8-2.3cm, n=92), small aneurysms (3.0-5.5cm, n=45) and large aneurysms (>5.5cm, n=48).
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Global genomic DNA methylation was significantly higher in men (P<0.0001) with large
AAA (>5.5cm, n=48, global DNA methylation 1.86% (+ 0.6%)) compared to men with
small AAA (3.0-5.5cm, n=45, global DNA methylation 0.93% (£ 0.52)) and controls
(<2.5cm, n=92, global DNA methylation 0.79% (+ 0.43%)). There was no significant
difference between small AAA and controls, however a small visual difference is

noticeable.

Further to this analysis, the methylation values of each of the AAA DNA samples were
compared to their respective aortic diameters to assess whether there was an association

between AAA size and global DNA methylation.

Figure 23 illustrates that there was a clear, positive linear relationship between AAA size
and global DNA methylation. The P value was adjusted for differences in age between
groups using linear regression analysis and remained statistically significant (Pearson

coefficient R square value = 0.3175, p<0.0001).
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Figure 23 - The linear relationship between AAA size and global DNA methylation: The global
methylation values of 45 small AAA and 48 large AAA are plotted against their respective aortic diameters.

There was a significant positive correlation between the two (R?=0.3175 and P<0.0001) after being
adjusted for age.
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The methylation differences observed in those with large AAA which are presented in
Figure 22 and 23 are independent of age, gender, ethnicity and smoking based on the

criteria of inclusion for this study (previously described).

However the smoking criteria was not based on being a smoker or ex-smoker, it was
based on having at least a 10 year history of smoking, resulting in a cohort of current and
ex-smokers for each group. Some studies suggest that those who quit smoking
immediately start to reduce the risk of AAA growth*®. However, more relevant to this
work, it is conversely suggested that smoking causes irreversible epigenetic switching

and long term modification of methylation patterns®®®,

To ensure that there was no bias or confounding effect of the smoking inclusion criteria
in this experiment, global DNA methylation of all samples included in this study were

split in to two groups (smoker and ex-smoker) and compared (Figure 24 and 25).
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Figure 24 - Smoking status and global DNA methylation: There was an even distribution of current and
ex-smokers within and between sample groups where global DNA methylation values were compared.
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Figure 25 — Global DNA methylation in ex-smokers vs current smokers: There was no difference
(P=0.24) between the log values (to correct for non-normal distributions) of quantified global DNA
methylation in ex-smokers and current smokers with at least a 10 year history of smoking.

There was no significant difference (P=0.24) between the global methylation of those

who still currently smoke, and those who have now ceased smoking but have at least a 10

year history, highlighting that any differences in global DNA methylation in this study

are not a result of differential smoking status, which justifies the smoking inclusion

criteria for this study.
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3.4. Circulating blood plasma homocysteine analysis

Circulating homocysteine levels were then measured in blood plasma from the same

samples as the global methylation assays in 67 controls and 70 individuals with AAA.

Figure 26 shows that plasma homocysteine levels were significantly higher in men with
AAA compared to controls (9.6 umol/L = 0.62, n=70, vs 7.94 umol/L + 0.52, n=67,

p=0.0433).
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Figure 26 - Homocysteine analysis in AAA and controls: Circulating homocysteine levels in matched
(from global methylation assay) blood plasma of controls (n=67) and AAA (n=70). Plasma homocysteine
levels were higher in men with AAA compared to controls (9.6 pmol/L + 0.62, n=70, vs 7.94 umol/L +
0.52, n=67, p=0.0433).
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However, Figure 27 shows that there was no significant association between global DNA
methylation and circulating homocysteine (P=0.095, R?=0.021) when linear regression

was used to assess the potential relationship.

As a result, this data indicates that it is likely the differences observed in global DNA
methylation in those with AAA and increasing AAA size was independent of circulating

homocysteine.
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Figure 27 — Global DNA methylation and homocysteine in AAA and controls: The linear relationship
between global methylation percentage and homocysteine levels (n=137). There was no significant

association between global methylation and homocysteine levels (P=0.095, R?=0.021).
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3.5. Conclusion

Global DNA hypermethylation is commonly a hallmark of chronic inflammation and has
been observed as a potential pathological marker of disease!0% 147-149. 154,135 "Inflammation
in turn is a pathological hallmark of AAA, yet up until now, no work has investigated
global methylation in AAA. This chapter has illustrated for the first time that global DNA
hypermethylation in PBMC DNA is associated with large AAA and increasing AAA size.
These results were independent of smoking, gender, age and ethnicity, highlighting the

likely effects of chronic inflammation on global methylation in AAA.

homocysteine levels have been previously associated with global methylation'®® and is a
proposed biomarker for cardiovascular disease!®. homocysteine has also been suggested
to play a role in AAA However, the differences seen in circulating blood plasma
homocysteine between patients with AAA and controls in this study were not clinically
different (hyperhomocysteinemia is described above 15 pmol/L), and supports the idea
that homocysteine is in fact not an appropriate biomarker for AAA, which is also
suggested by Lindqvist et al.,}’2. There was also no relationship between homocysteine
and global DNA methylation in this study, suggesting that global DNA hypermethylation
is associated with AAA independently of circulating blood homocysteine, which is in

contrast to the case argued by Krishna et al., %4,

The work presented in this chapter provides novel associations between global DNA
methylation and the presence of AAA and AAA size, and suggests that similarly to other
inflammatory diseases, increased levels of global DNA methylation may be a factor in the
pathobiology of AAA. However one limitation of this work is the use of ELISAs to
assess genome-wide DNA methylation. This technique is not as informative as other

available methodologies, such as bisulphite NGS, [llumina’s 450k human methylation
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micro-array and Methylated DNA immuno-precipitation (MeDIP). Such alternative
methodologies provide more informative, base specific DNA methylation values at any
desired location in the genome. However, these more advanced techniques greatly

increase experimental cost and time, whilst also decreasing sample size.

This was a foundational study to identify a potential epigenetic basis to the aetiology of
AAA, and was the first work to do so, providing significant rationale for further, more in
depth analysis of DNA methylation and its potential role in the development and
progression of AAA. Further, more informative analysis will be presented in subsequent
chapters of this PhD and will concentrate on individual CpG methylation changes and the

functional effects of these changes in genes located at AAA genomic risk loci.
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4. Chapter 4 — Results section 2

Peripheral blood cell DNA methylation analysis in AAA
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4.1. Introduction

The results presented in Chapter 3 — Results section 1 illustrated for the first time that global
DNA hypermethylation is associated with the presence of large AAA and increasing AAA
size, a clear justification and rationale for further study of the role of DNA methylation in the

aetiology of AAA.

It was considered likely at this point during the project that aberrant DNA methylation
changes would exist throughout the genome in individuals with AAA, and that methylation
status of those with AAA would need to be assessed at individual CpG sites using more

accomplished methodological techniques than those adopted in the previous Chapter.

A genome-wide approach to assess DNA methylation (e.g. WGBS, MeDIP or 450k
methylation micro-array) was considered beyond the scope of this PhD due to the amount of
time, resources and funding that would be required for even a small sample size, which
would therefore yield low powered results. As a result of this, a hypothesis driven candidate
gene sequencing approach was adopted for this Chapter, which would allow a larger sample
size whilst still adopting the best available methodology to study CpG specific DNA

methylation in AAA and controls.

Variations in DNA sequence at polymorphic loci can result in variable patterns of DNA
methylation, known as methylation quantitative trait loci (meQTL)!?* 26121 Dijsease variants
can alter transcription factor levels and methylation of their binding sites!?. The direct
mechanisms of the variants associated with AAA are not fully known, but many are intronic
and it is likely that their effects are regulatory in nature. It is therefore feasible that meQTL
exist in AAA, and considering many meQTL act in cis*?®, their likely effects on methylation

are in the genes surrounding the risk loci identified in previous GWASs.
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Therefore in this study, targeted bisulphite NGS was performed in PBMC DNA from
individuals with AAA and controls to investigate the methylation status of CpG islands in
regulatory regions of genes located at AAA genomic risk loci. This approach provides a more
refined way to assess the methylation status of genes in proximity to AAA risk loci than other
methodologies. The identification of adverse epigenetic modifications directly linked to
patients with AAA could offer a more comprehensive understanding of AAA pathobiology,
and an alternative research avenue in the search for a future treatment strategy™ °. Nobody

had ever studied the methylation status of PBMCs using NGS in AAA prior to this work.
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4.1.1. Aims

1. To identify whether changes in peripheral blood CpG methylation exist in the regulatory
regions of genes (promoters and transcriptional start sites) proximal to AAA genomic risk

loci in those with AAA compared to healthy controls.

4.1.2. Objectives

1. Extract DNA from the peripheral blood of 48 AAA and 48 controls and isolate the
regulatory regions of 7 genes proximal to AAA genomic risk loci using bisulphite specific
PCR in each of the 96 samples. Targeted genes include: LRP1, GDF7, SPAG17, ERG,

CDKNZ2B, SORTL, LDLR, IL6R and MMP9.

2. Conduct library preparation for sequencing, which involves ligating unique adapter

sequences to each individual DNA sample prior to multiplexing.

3. Run samples for quality check on bioanalyzer and conduct bisulphite specific next-

generation sequencing on the Illumina Mi-seq platform.

4. Use a bioinformatics platform (command line) and open source software to analyse raw
sequencing data. Extract methylation values (normalised as %) at each CpG in each gene for

each individual sample after applying high quality data filters.

5. Statistically analyse the extracted methylation data using multiple t-test analysis to

establish whether changes to CpG methylation exist between AAA and controls.
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4.1.3. Hypotheses

1. Is hypothesised that significant differences in CpG specific DNA methylation will be
observed in those with AAA compared to controls at multiple CpG sites in several targeted

genes.

4.2. Population

Bisulphite NGS was used to assess the methylation status of the regulatory regions of genes
associated with AAA in PBMC derived DNA from 96 of the samples used in the global DNA

methylation assay (48 controls and 48 AAA, Table 13).

48 Large AAA 48 Controls

(>5.5cm) (<2.5cm)
Median age (IQR) 74 (69-77) 69 (67-72)
Mean aortic diameter (mm (+/- SD)) 6.8 (0.96) 1.9(0.1)

Table 13 - Demographic summary of samples where peripheral blood cell DNA was bisulphite treated
and used for next generation sequencing.

Similarly to Chapter 3, white males over the age of 65 with at least a 10 year history of
smoking comprised each sample group to avoid potential confounding variable effects of

these factors on DNA methylation.
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4.3. Targeted bisulphite sequencing of PBMC DNA from AAA and controls

A candidate gene approach was adopted in this project to address whether CpG specific
methylation changes existed in those with AAA compared to healthy controls. More
specifically, the gene promoters and transcriptional start sites of genes proximal to AAA

genomic risk loci were targeted.

Gene promoters and transcriptional start sites of candidate genes were identified using the

transcriptional regulatory element promoter database: https://cb.utdallas.edu/CGi-

bin/TRED/tred.CGi?process=searchPromForm and the NCBI gene database:

https://www.ncbi.nlm.nih.gov/gene. This simply involved searching for the gene names in the

regulatory element sections within these databases. All identified candidate gene sequences

identified within these databases were acquired from the GRCh38 genome assembly.

Promoter sequences were then copy and pasted to a word document and bisulphite specific
PCR primers were designed, based on these acquired sequences, to isolate candidate regions
of interest (CpG islands) using a programme called methprimer'*®® as previously described in

Chapter 2.
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4.3.1. Genes for PBMC sequencing

At the time when this experiment was designed and conducted, the complete results from the
most recent GWAS meta-analysis®® was not complete. Due to this, the candidate genes
chosen for this experiment were based on the provisional results of the GWAS meta-analysis.
Hence, there are additional loci/genes now known to be associated with AAA, which | did

not know about at the time of this experiment.

Based on the rationale presented previously, and the provisional results from the recent
GWAS, the candidate genes chosen and targeted for this experiment included: SPAG17,

GDF7, LRP1, ERG, MMP9, CDKN2B, LDLR, IL6R and SORT1.

The provisional GWAS results that the genes were based on are shown in Table 14.

Lead SNP Region Discovery phase P-value  Validation phase P-value
rs2765283 SPAG17 2.71E-09 Not reported
rs4129267 IL6R 1.74x10°10 1.81x10*
rs602633 PSRC1-CELSR2-SORT1 3.12x108 9.83x10
rs13382862 GDF7 4.78E-09 0.36
rs10757274 CDKN2B-AS1 2.71x10% 1.02x10%
rs1385526 LRP1 2.10E-09 6.4x107
rs9316871 LINC00540 1.23x10°¢ 8.28x10°
rs6511720 LDLR 8.60x1012 6.02x10*
rs3827066 PCIF1/MMP9/ZNF335 1.88x1010 2.00x108
rs2836411 ERG 2.51x108 1.13x10%2

Table 14 - Summary of provisional GWAS meta-analysis results: The discovery phase of these results were
used as a guide to include candidate genes for Chapter 4 of this PhD project. Validation phase P values are
presented retrospectively, as these were only reported after the PBMC sequencing had been conducted. Lead
SNP, genes where the lead SNPs are located, and the GWAS P-values are displayed.
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As shown in Table 14, when the lead SNP is not within an individual identified gene, the two
nearest genes to the lead SNP are displayed. SORT1 is already known to be associated with
AAA, and was therefore included in this study as opposed to CELSR2. MMP9 was also
chosen as a candidate over ZNF335, as MMP9 has been extensively linked to AAA
development. Finally, LINC00540 was, at the time of this study, identified as a non-coding

RNA with no known function and was not included.

The specific targeted loci for the PBMC sequencing assay are displayed in Table 15.
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Gene Chromosome and NCBI gene Primer sequences Annealing CpG
symbol NCBI sequence ID co-ordinates 5'-3' temp (°C)  coverage
F: GGGTATTAAGGTGGGTTTTATTTT
4274-4640 56.5 25
LRP1 Chr: 12 R: TACTCTAAAATTTCAAACTCCCTCC
NG_016444.1 F: GTATTAGGGAGGAGGGTTTAGTTAG
- 4680-5036 54.4 24
R: TCCTCAATACATAAACCTAAAACTC
FTTTTATTAGGTAGTGGTTAGATTTAGTTTT
282787-283319 54.4 22
ERG Chr: 21 R: TACCCCCAATTAATAAATTCCAATATA
NG_029732.1 F: TTGGAATTTATTAATTGGGGGTATATAT
283331 -283680 57.7 6
R: ACACTATCTTTTACAAAATCAATCCAC
Chr: 20 F: TATATTTGGTTTTGAATTTTGGGTT
MMP-9 4040 -4416 57 5
NG_011468.1 R: ACTAAAACAACCCCCTATCTTCC
F: TTTTGTTTTATGTGTGTTAGGTTGTTATT
4309 -4749 58.5 8
CDKN2B Chr: 9 R: AAATATTCACCACTACCCTCAACTC
NG_023297.1 F: AGTTGAGGGTAGTGGTGAATATTT
- 4771 -5267 57 45
R: TCTCCTTCCTAAAAAACCTAAACTC
F: TTTTTTAAGGGGAGAAATTAATATTTA
4376-4725 54.4 5
LDLR Chr: 19 R: CACAAAAAAATAACAACAACCTTTC
NG_009060.1 F: GAAAGGTTGTTGTTATTTTTTTGTG
4776 -5355 57.7 28
R: AAACTCCCTCTCAACCTATTCTAAC
F:TTTTTGTTTAGGTTGGAGTGTAGTG
2781 -3061 51 8
IL6R Chr: 1 R: CAAAATTTTAATATTATAATTCACATAAAA
NG_012087.1 F:GTTTGTTTTGGTGTAGAGATAGGTG
3095 -3729 57.7 7
R: ATAAAACTCCCAAATAAACAAAACC
Chr: 1 F: AGATTATTTTTTAGGTTTGTAGGAGTTA
SORT1 4363 -4804 54.4 24
NG_028280.1 R: AACAAAAACTACTAAAATCAACCCC
4415-4664 F: ATTGGAGTTGTTTGGGTAGATAAGTATAT 57.7 4
SPAGLT Chr: 1 R: CCAAAATTAAAATACTAACCCCTTCA
NG_053041.1 4684-5105 FTTTTTGAAGGGGTTAGTATTTTAATTTT 56.5 o5
R: AATTCCTCCTTTCTCCTTCTTAAATAC
20650525- F: ATTGTGTTTTTATGGTAATTTGAGT 544 24
GDE7 Chr: 1 20650919 R: AAACCTAATACAAATCTCCCCAAC
NC_000002.12 20650947 - F: GTTGGGGAGATTTGTATTAGGTTTT 544 17
20651336 R: CCAAACTAAACTTCTTCTAAATAATTAC

Table 15 - Candidate genes for peripheral blood DNA bisulphite sequencing: Corresponding genomic
locations, primer sequences, optimised annealing temperatures and CpG coverage are displayed for each
amplicon.
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Unsuccessful PCR primers which were designed to isolate candidate CpG islands of interest

are shown in Table 16. For each of these primer sets, | conducted rigorous amounts of PCR

optimisation but could not get the reactions to work. Overall the whole process took many

weeks.

Gene Primer sequence
Symbol 5'-3'

F: TTTTTAAATTAGGGTTTGTTTTTTT
LRP1 R: AACTAAACCCTCCTCCCTAATACTC

F:TTTTTTTAAATTAGGGTTTGTTTTTTT
LRP1 R: CCTAACTAAACCCTCCTCCCTAATA

F: TTTTTTAAATTAGGGTTTGTTTTTTT
LRP1 R: TACTCTAAAATTTCAAACTCCCTCC

F: GAATTTTGGGTTTTGGTTTTAGTAAT
MMP-9 R: TAACCCATCCTTAACCTTTTACAAC

F: TTTTGGTTTTAGTAATTAAAATTAATTATT
MMP-9 R: TCCTCTCCCTACTTCATCTAAAAAC

F: GATGGGGGATTTTTTTAGTTTTATT
MMP-9 R: TACCCACCTCTACCAACTACCTATC

F: TGGGGGATTTTTTTAGTTTTATTTT
MMP-9 R: AAACAACAACCCAACACCAA

F: TTTATAAGTTTTGTAGTTTGTAAAATTTTA
MMP-9 R: AAACACCAAAACCAAAAACTACC

F: TAGTTTGTAAAATTTTATTTTTTTI
MMP-9 R: AAACACCAAAACCAAAAACTACC

F: TTTTTTTAAGGGGAGAAATTAATATTTA
LDLR R: CACAAAAAAATAACAACAACCTTTC

F: TTTTTAAGGGGAGAAATTAATATTTA
LDLR R: TTATCCTCTCTACCTCAAAAAAAA

F: TTTAGGTTGGAGTGTAGTGGTGTTAT
IL6R R: ATCATACAAATCCCAACTTTACCAC

F: TTTTGTTTAGGTTGGAGTGTAGTG
IL6R R: ACCCCTATTTCCTAATTTATAAAATAAAC

Table 16 - Primers designed at targeted gene loci that were not successful.
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4.4. DNA methylation status of candidate gene regions in PBMCs

After bisulphite sequencing (described in Chapter 2) of the regulatory regions of the 9
candidate genes in 96 PBMC DNA samples (48 AAA and 48 controls), data analysis was
performed. Bioinformatics analysis was conducted on raw sequencing data which was then
extracted and further statistically analysed. Only sequencing reads with a base quality of
>Q20, read quality of >Q50 and read depth of >5 were mapped to the reference sequence and
used for data analysis, essentially meaning the data obtained from this experiment was very
accurate. Statistical analysis was then based on a significance of P<0.05 and false discovery

rate of Q<10% after multiple t-test comparisons.

A summary of the mapped sequencing read depth of each gene from the PBMC sequencing
assay is shown in Figure 28. Sequencing coverage was consistently high in each gene and
there were no significant differences in depth between AAA and controls in any gene,
suggesting that there was no sequencing bias between AAA and controls. As the mean
sequencing coverage was considerably high for each gene in AAA and controls, it further
suggests that the number of high quality mapped reads signify a high reliability of results in

addition to accuracy.

120



Chapter 4: Peripheral blood cell DNA methylation analysis in AAA

10007 B Controls

Bl | arge AAA

100

104

CDKN2B ERG IL6R LDLR LRP1 MMP9 SORTI1 GDF7 SPAG17

Mean mapped sequencing coverage (+/- SE)

Figure 28 — Sequencing coverage of candidate genes in PBMC DNA: Mean coverage of high quality sequencing reads in candidate genes from PBMC DNA
bisulphite sequencing of 48 AAA and 48 controls. Bars represent standard deviation.
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After the methylation status (normalised as percentage) of each CpG, in each gene, in each of
the 96 individual samples was determined, cases and control values were compared, and
significant differential methylation was observed in 3 genes (LDLR, IL6R and SORT1).
Conversely, there were no differences in methylation status of the regulatory regions

sequenced in all of the other 6 genes (SPAG17, GDF7, CDKN2B, ERG, LRP1 and MMP9).

The results from each gene will now be described individually.
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4,41 1L6R gene

A schematic representation of the IL6R gene region that was sequenced in this study is shown
in Figure 29. This shows the amplicon sequencing coverage spanning the gene promoter

shortly upstream of the exon 1 transcriptional start site.

[ exonl [

Amplicon coverage

Figure 29 - Schematic representation of the sequenced region of the IL6R gene in PBMC and VSMC
DNA.

Two amplicons were designed to isolate a total of 15 CpGs in the IL6R gene promoter at the

genomic coordinates: NG_012087.1: 2781-3729bp. The DNA methylation status of the entire

sequenced promoter is shown in Figure 30.
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Figure 30 - DNA methylation status of the IL6R gene promoter in PBMC DNA: DNA methylation status of 16 sequenced CpG sites in the IL6R gene promoter

isolated from the peripheral blood of 48 AAA and 48 controls. 2 CpG sites were differentially methylated in AAA (-1434 (P=0.0016) and -1430 (P=0.0037)). Bars
represent standard error. The solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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There was differential methylation at 2 CpGs spanning 4bp upstream of the transcriptional

start site at the following loci: NG_012087.1:9.3566_3570|gom.

Mean methylation at these differentially methylated CpG sites was 15.93% + 0.49 vs 12.19%
+ 0.27 (AAA vs controls). The mean increase in methylation in those with AAA was 3.74% +

0.19 (P=0.0027, Q=0.026).

Descriptive statistics of the differential methylation observed in IL6R after bisulphite

sequencing of PBMC DNA in 48 AAA and 48 controls are shown in Table 17.

Gene and Region Relative to Meth%  Meth% Meth % Age adjusted
ipti P value value
location (CpG site) Transcription (controls) (cases) difference Q odds ratio
start (bp)
IL6R Chr: 1 3566 -1434 12.38 16.27 3.89 0.0016 0.0247 2.39
NG_012087.1 3570 -1430 12 15.58 3.58 0.0037 0.0276 2.3

Table 17 — Descriptive statistics of the differentially methylated CpGs in IL6R after PBMC sequencing:
The sequenced gene, genomic coordinates of the specific CpGs, mean methylation of AAAs and controls,
differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
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4.4.2 SORT1 gene

A schematic representation of the SORT1 gene region that was isolated and sequenced in this
study is shown in Figure 31. This shows the amplicon sequencing coverage spanning the
gene promoter shortly upstream of the exon 1 transcriptional start site, which is located

downstream from the 3’ end of the PSMAS gene.
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Figure 31 - Schematic representation of the sequenced region of the SORT1 gene in PBMC and VSMC
DNA.

A single amplicon was designed to isolate a total of 24 CpGs in the SORT1 gene promoter at

the genomic coordinates: NG_028280.1: 4363-4804bp.

The DNA methylation status of the entire sequenced promoter is shown in Figure 32.
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Figure 32 - DNA methylation status of the SORT1 gene promoter in PBMC DNA: DNA methylation status of 24 sequenced CpG sites in the SORT1 gene promoter
isolated from the peripheral blood of 48 AAA and 48 controls. 7 CpG sites were differentially methylated in AAA (-345 (P=0.0009), -310 (P=0.0049), -299 (P=0.0023),
-297 (P=0.0087), -294 (P=0.0070), -276 (P=0.0227) and -273 (P=0.0176)). Bars represent standard error. The solid line is to aid visualisation of the differences between
AAA and controls and does not represent intermediate values.
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In Figure 32 there is a clear visual increase in methylation status of the SORT1 promoter in

individuals with AAA compared to controls, which is evident across a large section of the

whole CpG Island.

Within the sequenced SORT1 promoter, 7 CpG sites were significantly hypermethylated

(P=0.0092, Q=0.045) in people with AAA (mean - 36.55% = 4.32) compared to controls

(mean — 32.03% + 3.82) and the mean increase in methylation was 4.53% + 0.56.

The differentially methylated region spans 72bp and lies in the SORT1 gene promoter
upstream of the transcriptional start site (RefSeq gene coordinate

NG_028280.1:9.4646_4718|gom).

Descriptive statistics of the differential methylation observed in SORT1 after bisulphite

sequencing of PBMC DNA in 48 AAA and 48 controls are shown in Table 18.

Gene and Region Ezlr?st(l:\:?ptgon Meth % Meth %  Meth % P value O value I:(?jiste d
location (CpGsite)  start (bp) (controls)  (cases) difference odds ratio

4646 -345 40.5 46.06 5.56 0.0009 0.0214 2.82

4681 -310 32.08 36.69 461 0.0049 0.0389 2.71
SORT1 4692 -299 30.98 35.88 4.9 0.0023 0.0276 2.76
Chr: 1 4694 -297 30.88 35.13 4.25 0.0087 0.0417 2.44
NG_028280.1 4697 -294 30.03 34.44 441 0.007 0.0417 2.64

4715 -276 29.83 33.79 3.97 0.0227 0.0779 2.71

4718 -273 29.88 33.88 4 0.0176 0.0702 2.14

Table 18 — Descriptive statistics of the differentially methylated CpGs in LDLR after PBMC sequencing:

The sequenced gene, genomic coordinates of the specific CpGs, mean methylation of AAAs and controls,
differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
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443 LDLR gene

A schematic representation of the section of LDLR gene that was isolated and sequenced in
this study is shown in Figure 33. This shows the amplicon sequencing coverage spanning the

gene promoter upstream of transcriptional start site in addition to the whole of exon 1.

LDLR
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Figure 33 - Schematic representation of the sequenced region of the LDLR gene in PBMC DNA.

Two amplicons spanning this region for a total of 33 CpGs at NG_009060.1: 4376-5355 were
sequenced. The DNA methylation status of the whole sequenced CpG Island is shown in

Figure 34.
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Figure 34 - DNA methylation in the LDLR gene promoter in PBMC DNA: DNA methylation status of 33 sequenced CpG sites in the LDLR gene isolated from the peripheral
blood of 48 AAA and 48 controls. 20 CpG sites were differentially methylated in AAA (-187 (P=0.0003), -155 (P=0.0001), -135 (P=0.0054), -121 (P=0.0008), -73 (P=0.0018),
+89 (P=0.0127), +107 (P=0.0008), +109 (P=0.0054), +145 (P=0.0001), +152 (P=0.00001), +157 (P=0.00001), +181 (P=0.0003), +210 (P=0.0002), +218 (P=0.0004), +221
(P=0.0012), +233 (P=0.0007), +237 (P=0.0003), +239 (P=0.0001), +242 (P=0.00001), +271 (P=0.0001)). Bars represent standard error. The solid line is to aid visualisation of
the differences between AAA and controls and does not represent intermediate values.
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Here, a large portion of the sequenced LDLR CpG Island is hypermethylated in those with
AAA compared to controls. In total, 20 individual CpG sites were consistently and
significantly hypermethylated (P=0.0015, Q=0.0025) in PBMC DNA from 48 people with
AAAs, displaying a mean overall hypermethylation (32.73% + 4.94) compared to 48 controls

(mean - 27.21% * 4.64).

The mean increase in methylation was 5.52% * 0.83. The hypermethylated region of LDLR
spans 457bp (RefSeq gene coordinate NG_009060.1: g.4795 5252| gom), located partially in
the promoter region upstream of the genes transcriptional start, completely spans exon 1 and

ends in the intronic region between exons 1 and 2.

Descriptive statistics of the differentially methylated CpG sites in LDLR are shown in Table

19.
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Gene and Region Relatlopal_ to Meth % Meth % Meth % Age adjusted
transcription P value Q value

location (CpG site)  Start (bp) (controls) (cases) difference odds ratio
4795 -187 24.58 30.48 5.9 0.000286 0.000884 2.75
4827 -155 23.13 28.15 5.02 0.000059 0.000385 3.61
4847 -135 25.42 29.63 4.21 0.005384 0.007842 2.15
4861 -121 23.63 28.38 475 0.000774 0.001743 2.93
4909 -73 21.81 26.71 4.9 0.00182 0.003426 2.42
5071 +89 17.58 22.6 5.02 0.012705 0.01694 2.06

LDLR 5089 +107 23.64 30.46 6.82 0.000817 0.001743 2.39

Chr: 19 5091 +109 20.85 25.73 4.88 0.005392 0.007842 2.04

NG_009060.1 5127 +145 27.69 34.02 6.33 0.000127 0.000579 2.8
5134 +152 27.4 33.85 6.46 0.000042 0.000385 3.2
5139 +157 27.4 34.5 7.1 0.000015 0.00024 3.52
5163 +181 29.02 33.9 4.88 0.000254 0.000884 2.66
5192 +210 30.13 35.83 571 0.000173 0.000693 2.66
5200 +218 29.88 34.88 5 0.000435 0.00116 2.41
5203 +221 29.71 34.88 5.17 0.001165 0.002331 2.3
5215 +233 29.73 34.42 4.69 0.000742 0.001743 2.39
5218 +237 32.42 38.77 6.35 0.000304 0.000884 2.81
5220 +239 30.02 34.98 4.96 0.000077 0.00041 2.9
5223 +242 33.69 40.19 6.5 0.000002 0.000074 3.56
5252 +271 36.46 42.19 5.73 0.00006 0.000385 2.86

Table 19 — PBMC sequencing descriptive statistics of the differentially methylated CpGs in LDLR: The sequenced gene, genomic coordinates of the specific CpGs,
mean methylation of AAAs and controls, differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
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4.4.4 CDKNZ2B gene

A schematic representation of the CDKN2B gene promoter that was isolated and sequenced
in this study is shown in Figure 35. This shows the amplicon sequencing coverage spanning
the gene promoter upstream of transcriptional start site in addition to part of exon 1.

CDKNZ2B is located on the sense strand, opposite to the anti-sense non-coding RNA known as

CDKNZ2B-AS1.

CDKN2B-AS1

CDKN2B
>N > > >
<= <«
o

| exon 1 I_} !

e ———
Amplicon coverage

Figure 35 - Schematic representation of the sequenced region of the CDKN2B gene in PBMC DNA.

Two amplicons were designed to isolate and sequence the regulatory region of CDKN2B,
which spanned a total of 53 CpG sites between the following genomic coordinates:

NG_023297.1: 4309-5267.

The DNA methylation status of the entire sequenced promoter is shown in Figure 36. The
methylation values were not significantly different in AAA and controls across the whole

CpG Island.
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Figure 36 - DNA methylation status of the CDKN2B gene promoter in PBMC DNA: DNA methylation status of 53 sequenced CpG sites in the CDKN2B gene

isolated from the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is
to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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4.4.5 SPAG17 gene

A schematic representation of the SPAG17 gene promoter that was isolated and sequenced in
this study is shown in Figure 37. This shows the amplicon sequencing coverage spanning a

CpG island in the gene promoter upstream and including the transcriptional start site.
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Figure 37 - Schematic representation of the sequenced region of the SPAG17 gene in PBMC DNA.

Two amplicons were used to target and isolate the CpG Island with a total coverage of 29

CpGs spanning the region: NG_053041.1: 4415-5105.

The DNA methylation status of the sequenced promoter is shown in Figure 38, where there
were no statistically significant regions of differential methylation between those with AAA

and controls.

135



Chapter 4: Peripheral blood cell DNA methylation analysis in AAA

907 SPAG17 gene

—e— Controls

—*— Large AAA

w B (&)
o o o
1 1 1

N
o
1

DNA methylation % (+/- SE)

0 T T T T T T

-600 -500 -400 -300 -200 -100 0

CpG site in relation to transcriptional start (bp)

Figure 38 - DNA methylation status of the SPAG17 gene promoter in PBMC DNA: DNA methylation status of 29 sequenced CpG sites in the SPAG17 gene isolated
from the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid

visualisation of the differences between AAA and controls and does not represent intermediate values.
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4.4.6 GDF7 gene

A schematic representation of the GDF7 gene promoter that was isolated and sequenced in
this study is shown in Figure 39. This shows the amplicon sequencing coverage spanning a
CpG island in the gene promoter covering exon 1 and both intronic regions upstream and

downstream of the exon.
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Figure 39 - Schematic representation of the sequenced region of the CDKN2B gene in PBMC DNA.

A total number of 41 CpG sites across the whole CpG Island within the promoter and across
the first exon of the GDF7 gene was targeted with two sets of bisulphite specific primers,

which covered the region: NC_000002.12: 20650525-20651336.

The DNA methylation status of the sequenced region of the GDF7 gene is shown in Figure
40. There were low levels of DNA methylation in the GDF7 promoter CpG Island, and there

were no statistically significant differences in methylation between AAA and controls.
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Figure 40 - DNA methylation status of the GDF7 gene promoter in PBMC DNA: DNA methylation status of 41 sequenced CpG sites in the GDF7 gene isolated
from the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of

the differences between AAA and controls and does not represent intermediate values.
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4.4.71 MMP9 gene

A schematic representation of the MMP9 gene region that was isolated and sequenced in this

study is shown in Figure 41.
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Figure 41 - Schematic representation of the sequenced region of the MMP9 gene in PBMC and VSMC
DNA.

One amplicon spanning 5 CpG sites was successfully used to sequence the regulatory region

of the MMP9 gene, which is located at NG_011468.1: 4040-4416.

The DNA methylation status of the sequenced promoter is shown in Figure 42. The
methylation values in MMP9 were not significantly different between AAA and controls at

any CpG site.
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Figure 42 - DNA methylation status of the MMP9 gene promoter in PBMC DNA: DNA methylation status of 5 sequenced CpG sites in the MMP9 gene isolated
from the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of
the differences between AAA and controls and does not represent intermediate values.
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4.4.8 ERG gene

A schematic representation of the ERG gene region that was isolated and sequenced in this
study is shown in Figure 43. This shows the amplicon sequencing coverage spanning the

regulatory CpG Island in the intron upstream to exon 12, which also stretches in to exon 12.
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Figure 43 - Schematic representation of the sequenced region of the ERG gene in PBMC DNA.

Two amplicons were designed to isolate and sequence the regulatory region of ERG,
spanning a total of 28 CpG sites between the following genomic coordinates: NG_029732.1:

282787-283680.

The DNA methylation status of the sequenced promoter is shown in Figure 44. There were no
statistically significant sites of differential methylation in this sequenced promoter, although

there were clear visual fluctuations.
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Figure 44 - DNA methylation status of the ERG gene promoter in PBMC DNA: DNA methylation status of 28 sequenced CpG sites in the ERG gene isolated from
the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the

differences between AAA and controls and does not represent intermediate values.
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4.4.9 LRP1 gene

A schematic representation of the LRP1 gene region that was isolated and sequenced in this
study is shown in Figure 45. This shows the amplicon sequencing coverage spanning the

gene promoter shortly upstream of, and including, the exon 1 transcriptional start site.
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Figure 45 - Schematic representation of the sequenced region of the LRP1 gene in PBMC DNA.

Two amplicons were designed to isolate and sequence the regulatory region of LRP1,

spanning a total of 33 CpG sites between NG_009060.1: 4376-5355.

The DNA methylation status of the sequenced promoter is shown in Figure 46. After
statistical analysis of each methylation value of each CpG in AAA and controls, there were

no significant differences in methylation at any region of the LRP1 gene promoter.
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Figure 46 - DNA methylation status of the LRP1 gene promoter in PBMC DNA: DNA methylation status of 33 sequenced CpG sites in the LRP1 gene isolated from
the peripheral blood of 48 AAA and 48 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the

differences between AAA and controls and does not represent intermediate values.
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4.5. Conclusion

This study is novel, and is the first to assess DNA methylation in PBMC DNA from people
with AAA using bisulphite NGS, which is the gold standard methodology for studies of DNA
methylation®*. The results presented in this chapter demonstrate further evidence that there is
an epigenetic basis to AAA, and is proof of concept for larger scale analysis in the future. It
was identified in this study that significant differentially methylated CpGs exist in the
regulatory regions of LDLR, SORT1 and IL6R in PBMC DNA from people with AAA

compared to controls.

By analysing the epigenetic status of the peripheral blood, it allows the direct identification of
potential sites that may be responsible for the regulation of biological pathways potentially
involved in adverse inflammatory processes that contribute towards AAA development.
PBMC DNA is derived from the whole blood, and is an important, easily obtainable source
of material. Several inflammatory cells which circulate in the blood have been demonstrated
in AAA biopsies, including; T and B lymphocytes, macrophages, neutrophils and mast
cells?’. Specifically, monocytes/macrophages are involved in chronic vascular remodelling
and subsequent AAA expansion'® 2, MMP-9 is a major secretion product of macrophages
and increased MMP-9 activity is responsible for the degradation of the ECM and weakening
of the aortic wall?®. Monocyte activity is modulated by pro-inflammatory cytokines, growth

factors and chemokines.

The functional roles of the genes identified as differentially methylated in this study are well
characterised. The IL6R protein is a common pleiotropic cytokine receptor that induces pro-
inflammatory signalling in addition to cell growth and differentiation, whereas the LDLR and

SORT1 proteins are well known cell membrane receptors involved in the transport and
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degradation of lipids during lipid metabolism*> 7®:8_ Both inflammation and lipid metabolism
are pathologically linked to AAA development. However, the exact mechanistic manner in
which the polymorphisms located within these genes, identified in previous GWASs,
predisposes to the development of AAA is still not fully understood. For instance,
polymorphisms within LDLR and SORT1 are intronic, and suggest regulatory role of action.
Further investigation could yield valuable insight for potential meQTL association, as it is
plausible that genetic variation at these AAA risk loci regulate methylation and subsequent

adverse gene functionality.

There are significant limitations to the work presented in this Chapter. Due to the manner in
which the UKAGS samples are stored after collection (patient blood samples are centrifuged
and frozen), it was not possible to isolate specific peripheral blood cells for the sequencing of
homogenous cell lines (e.g. monocytes or lymphocytes), because after freeze-thaw cycles,
cells burst and cannot be isolated or cultured. In addition, the UKAGS does not measure
blood cell counts, and it was not possible to retrospectively acquire cell counts, meaning there
was no way to proportionately determine how many of which mononuclear cells were present
in each sample, and subsequently no way to tell how much DNA from each cell type there
was after each extraction. This is said to be an important factor in epigenetic studies, as
heterogeneity in white blood cells has the potential to confound DNA methylation
measurementst®?, even though peripheral blood cell DNA has been an essential source for
genetic experiments for the past decades. Adalsteinsson et al., (2012)°? state that tissues are
ensembles of cells that may each have their own epigenetic profile, and therefore inter-
individual cellular heterogeneity may compromise these studies, even in peripheral blood*®?.
There may be some likelihood that this factor could confound DNA methylation levels to

some extent in this study, but not to the extent where methylation changes would not be
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observed in the whole PBMC population, as clearly demonstrated by the work conducted in
this chapter. The data presented is therefore limited, as each cell type has its own independent
epigenetic profile, but does still represent novel data that requires further investigation,
especially with regards to the isolation of homogenous cell lines to assess DNA methylation

in AAA.

The work presented in this chapter utilised the best available methodologies to address the
hypothesis driven research question of whether specific CpG methylation changes are present
in genes that are associated with AAA at genomic risk loci, yielding novel data. The next
chapter will present data that was acquired using the same methodological approach, but was
conducted on VSMC DNA to establish the epigenetic profiles of cells derived directly from

the aortic wall at AAA genomic risk loci.
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5. Chapter 5 — Results section 3

Vascular smooth muscle cell DNA methylation analysis in AAA
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5.1. Introduction

The previous chapter (Chapter 4) of this thesis was based on the CpG methylation
analysis of PBMC DNA using bisulphite NGS. The results illustrated novel associations
between differential CpG island methylation in the regulatory regions of genes located at
AAA genomic risk loci in individuals with AAA compared to controls (IL6R, SORT1 and
LDLR). Further functional investigation is required; however it is feasible that these

methylation changes contribute towards the pathobiology of AAA.

It is well known that different cell types have independent epigenetic profiles which are
involved in phenotypic diversity and can contribute towards disease!?® 126189, 193 Thjs
chapter will therefore adopt the same methodological approach and experimental analyses
as Chapter 4, but will instead concentrate on the methylation profiles of VSMC DNA
isolated from the aortic tissues of individuals with AAA and compared to cadaveric organ

donors used as controls.

VSMCs are the main constituents of the tunica media, where cellular apoptosis occurs as
a hallmark of AAA during inflammation, ECM degradation and vascular remodelling
during aneurysm development and growth®. This analysis will determine if any of the
same or alternative methylated regions observed in PBMC DNA also exists in VSMC
DNA taken directly from the site of aneurysm. Nobody has ever studied the methylation
status of VSMCs in AAA prior to this work, which essentially allows an alternative
perspective to the potential pathobiology of AAA from what can be established from

PBMC:s.
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5.1.1. Aims

1. To identify whether changes in VSMC DNA CpG methylation exist in the regulatory
regions of genes (promoters and transcriptional start sites) proximal to AAA genomic risk

loci in those with AAA compared to healthy controls.

5.1.2. Objectives

1. Extract VSMC DNA (isolated from aortic tissues) from 24 AAA and 20 controls and
isolate the regulatory regions of 9 candidate genes proximal to AAA genomic risk loci
using bisulphite specific PCR in each of the 44 samples. Targeted genes include: LRP1,

ERG, SORT1, LDLR, IL6R, MMP9, DAB2IP, SMYD2 and SERPINB9.

2. Conduct library preparation for sequencing, which involves ligating unique adapter

sequences to each individual DNA sample prior to multiplexing.

3. Run samples for quality check on bioanalyzer and conduct bisulphite specific next-

generation sequencing on the Illumina Mi-seq platform.

4. Use a bioinformatics platform (command line) and open source software to analyse
raw sequencing data. Extract methylation values (normalised as %) at each CpG in each

gene for each individual sample after applying high quality data filters.

5. Statistically analyse the extracted methylation data using multiple t-test analysis to

establish whether changes to CpG methylation exist between AAA and controls.

5.1.3. Hypotheses

1. Is hypothesised that significant differences in CpG specific DNA methylation will be
observed in those with AAA compared to controls at multiple CpG sites in several

targeted genes.
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5.2. Population

In this Chapter, bisulphite NGS was performed to assess the methylation status of CpG
islands in the regulatory regions of genes associated with AAA in VSMC derived DNA
from 44 individuals (Table 20). VSMCs were isolated from aortic biopsies taken from
individuals who had undergone open AAA surgery (n=24) and cadaveric controls (n=20)
using explant culture. DNA was then extracted from isolated VSMCs and used for
bisulphite methylation analysis. Due to the difficulty in obtaining sufficient numbers of
aortic tissues from people, sample selection was limited and it was not possible control
for gender, smoking and age as effectively as the PBMC sequencing study described in

Chapter 4. Nor was it possible to obtain a higher sample number.

24 Large AAA 20 Cadaveric controls
(>5.5cm) (Exact aortic diameters unknown)

No of males 24 16
No of females 0 4

Ethnicity Caucasian Caucasian
Smoker 22 15

Median age (IQR) 68 (65-73) 56 (49-62)
Mean aortic diameter (mm (+/- SD)) 6.5 (1.2) <3

Table 20 - Demographic summary of samples where VSMC DNA was used for bisulphite NGS.
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5.3. Genes for VSMC sequencing assay

Following from the PBMC sequencing assay in which the regulatory regions of 9 genes
were bisulphite sequenced, the same analysis was performed on DNA isolated from
VSMCs. However, for this assay, the complete GWAS meta-analysis results previously
discussed had become available. The final GWAS results did not include SPAG17 or
GDF7, indicating that they were previously false positives. These genes were
subsequently dropped from this Chapter. In addition, CDKN2B was also excluded since it
was mistakenly included in the previous experiment (Chapter 4) in place of CDKNB2-
AS1. CDKN2B-AS1 was then also not included in the VSMC sequencing assay because a

regulatory region could not be identified.

As a result, the final list of candidate genes included in Chapter 5 are as follows: LRP1,
ERG, MMP9, LDLR, IL6R, SORT1, SET and MYND Domain Containing 2 (SMYD2),

Serpin family B member 9 (SERPINB9) and DAB2 interacting protein (DAB2IP).

DAB2IP was not known to me at the time of the PBMC assay (Chapter 4), but was a
known gene associated with AAA. SMYD2 is a novel AAA locus identified in the GWAS
meta-analysis. SERPINB9 was not identified in any GWAS but was identified during an
EWAS published by Ryer et al., (2015)*3. Due to this, the regulatory regions of DAB2IP
and SMYD2 were targeted for the VSMC sequencing assay, and so was the previously

observed differentially methylated gene body CpG Island in SERPINBO.

In summary (Figure 47), the Manhattan plot extracted from the Jones et al.,® recent
GWAS meta-analysis of AAA illustrates the most up to date analysis of genomic risk loci
associated with AAA. In addition, the specific targeted loci for this Chapter are displayed

in Table 21.
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Figure 47 - Manhattan plot from GWAS meta-analysis: Polymorphic loci associated with AAA identified in the GWAS meta-analysis (Jones et al.,%) were used as a guide to select
candidate genes for Chapter 5 of this PhD, except for CDKN2B-AS1 and LINC00540. The locus identified as ZNF335 was included, but as MMP9.
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NC_000009.12

121767430-121767872

GGAGAGGAGATAGGAAAGTTTTTAG

: CTAACCTTATCCCTTACAACCACTAC

57

121768273-121768692

AATGGAGTGGGAGTTTGTTATAGTG

57

11

Gene Chromosome RefSeq Primer sequence Annealing CpG
symbol and RefSeq ID coordinates 5'-3" temp (°C)  coverage
F: TAGAAGGGGGTAGTGATTAAAAGTA
3875-4240 R: AAAACAAACCCTAATTTAAAAAAAA 54 13
Chr: 12 F: GGGTATTAAGGTGGGTTTTATTTT
LRP1 NG_016444.1 4274-4640 R: TACTCTAAAATTTCAAACTCCCTCC 5 25
F: GTATTAGGGAGGAGGGTTTAGTTAG
4680-5036 R: TCCTCAATACATAAACCTAAAACTC >4 24
FTTTTATTAGGTAGTGGTTAGATTTAGTTTT
Chr: 21 282787283319 R: TACCCCCAATTAATAAATTCCAATATA >4 22
NG_029732.1 F: TTGGAATTTATTAATTGGGGGTATATAT
ERG 283331-283680 R: ACACTATCTTTTACAAAATCAATCCAC 5 6
F: AAAATTTTTGGAAGGGGTTTAGTT
5162-5540 R: ATAATATTTTTCCAACCTCATTAAAAAC 56 87
F: TTGGGTTTAAGTAATTTTTTTATTT
MMP-9 Chr: 20 3980-4579 R: TAACCCATCCTTAACCTTTTACAAC 52 !
NG_011468.1 4640-5600 F: GATGGGGGATTTTTTTAGTTTTATT 57 8
R: TACCCATTTCTAACCATCACTACTC
F: TTTTTTAAGGGGAGAAATTAATATTTA
4376-4725 R: CACAAAAAAATAACAACAACCTTTC >4 °
F: GAAAGGTTGTTGTTATTTTTTTGTG
LDLR Chr: 19 4776 5355 R: AAACTCCCTCTCAACCTATTCTAAC > 28
NG_009060.1 5464-5972 F: TTTAAGTTTTTATAGGGTGAGGGAT 56 3
R: ACACCCAACTCAAAATAACAATAAC
F: AATTTTATTGGGTGTAGTTTAATAGGTTAT
6054-6785 R: CTCAAAATCATACACTAACCAACCTC > 49
2781-3061 F: TTTTTGTTTAGGTTGGAGTGTAGTG 52 8
IL6R Chr: 1 R: CAAAATTTTAATATTATAATTCACATAAAA
NG_012087.1 3095-3729 F: GTTTGTTTTGGTGTAGAGATAGGTG 58 7
R: ATAAAACTCCCAAATAAACAAAACC
Chr: 1 F: AGATTATTTTTTAGGTTTGTAGGAGTTA
SORTL NG_028280.1 4363-4804 R: AACAAAAACTACTAAAATCAACCCC 5 24
F: TTTTATTTTGAAGTAGTGGTTTTTGTTAA
214280141-214280630 R: TTTTCCAAAATTAAAAATTTTTAAACCT 5 13
Chr: 1 F: AAGGTTTAAAAATTTTTAATTTTGGAAA
SMYDz2 NC_000001.11 214280631-214281330 R: AAATCCCCCACCTAAAAAAACTAC 58 82
F: TTTTTTTAGGTGGGGGATTT
214281331-214281733 R: CCCACATTTAAAAACAAAAACCTAC % 46
F: GGTGTTGAAAATATTTTTGGAGGTA
2891544-2892079 R: AAAATCTACCATTCATCAAACTAACAAA S 26
F: TTAGAGGGTGGGATTAGAGGTAGTT
SERPINBS9 Chr: 6 2890564-2891263 R: TTTCCACCTAAAAAACCAAAATTAA 54 o
NC_000006.12 2889934-2890423 F: GTATTTGGGAATTGTTGATGTTTTT 55 1
R: ACAACAAAAAATCATTATAATCTATTTTCT
F: AGAATTTTATATGTAATTTATTTTGG
2889425-2889933 R: TATAATCCCAACACTTTAAAAAACC >4 8
F: TTGGAGTAGTTTGTTTGTTGTGTT
121689899-121690502 R: TAAAAAATTAAATACCCAAAACCTC > 10
F: TTGTTATATTTTAAGTTGAGATTTTGGG
Chr: 9 121690573-121691062 R: TAACCACATAAAAACATTCCAAACA S 6
DAB2IP =
R
F:
R

: TAATAACAACTTTTAACCCCACCTC

Table 21 - Candidate genes for vascular cell DNA bisulphite sequencing: Genomic locations, primer
sequences, annealing temperatures and CpG coverage are displayed for each amplicon.
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The CNN2 gene was previously observed as differentially methylated in the Ryer et al.,}*

EWAS, and was also targeted in this project, similarly to SERPINB9. However bisulphite

specific PCR primers could not be successfully designed due to the repetitive nature of the

target sequence.

Unsuccessful primers for other targeted gene loci include regions within LRP1, ERG,

LDLR, IL6R, SERPINB9 and SMYD2. Similarly, to the previous Chapter, the optimisation

of those amplicons included in the study (Table 21), in addition to those which I could

not get to work (Table 22) after extensive testing, took many weeks.

Gene Primer sequence
Symbol 5'-3
F: AGAAGGGGGTAGTGATTAAAAGTA
LRP1 R: CCTAACTAAACCCTCCTCCCTAATA
F:GTTTTAGGTTTATGTATTGAGGAGG
LRP1 R: ATAAAAAACCCTCTTCTCTCTACCC
F: TTGTTTGTTGAAATTTTTGGTTGT
ERG R: AAAAATAATATTTTTCCAACCTCATTAAA
F: ATGAGGTTGGAAAAATATTATTTTT
ERG R: AAACCCTACAAAATAAACCCCTAAA
F: TTAGAATAGGTTGAGAGGGAGTTTT
LDLR R: ACACCCAACTCAAAATAACAATAAC
F: TTTATTTTAAGGGTAAGAGGAATAT
IL6R R: AAAAACACAATCCTATACACAAACC
F: TTTTTTAGGTGGGGGATTTGT
SMYD2 R: CCCAAACTTAAAACAAACCTAACTC
F: GAATTTTATATGTAATTTATTTTGG
SERPINB9 R: TCTATCCCCTTTATATCCCCAATAC
F: GGAGGTTGAGTTTAGGAGTTAAGAG
CNN2 R: ATCTACACCAAACAATATATCCCAC
F: GTGGGATATATTGTTTGGTGTAGAT
CNN2 R: ACCACAAAAAACATCTAAAAACACC

Table 22 - Unsuccessful primers designed for bisulphite PCR at targeted gene loci.
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5.4. DNA methylation status of candidate gene regions in VSMCs

After bisulphite sequencing (described in Chapter 2) of the regulatory regions of 9
candidate genes in 44 VSMC DNA samples (24 AAA and 20 controls), data analysis was
performed, which included bioinformatics and data quality filtering of sequencing reads

at; base quality score of >Q20, read quality of >Q50 and read depth of >5.

Total mapped sequencing coverage for this assay was consistently high in each gene and
there were no significant differences in mapped sequencing read depth between AAA and
controls in any of the genes (Figure 48), suggesting there was no sequencing bias

between AAA and controls, and the final data had a high level of accuracy and reliability.
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Figure 48 - Sequencing coverage of candidate genes in VSMC DNA: Mean coverage of high quality sequencing reads in candidate genes from VSMC DNA bisulphite
sequencing of 24 AAA and 20 controls. Bars represent standard deviation.
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The methylation status (normalised as percentage) of each CpG, in each gene, in each of
the 44 individual samples was determined and statistically assessed. Statistical
significance was based at P<0.05 and a false discovery rate of Q<10% after multiple t-test

comparisons.

Methylation profiles of AAA and controls were compared, and significant differential
methylation was observed at many CpGs in 4 genes (IL6R, ERG, SERPINB9 and
SMYD?2). No significant differences in methylation were observed in any of the other

genes (LDLR, LRP1, SORT1, MMP9, ERG and DAB2IP).

The methylation sequencing results from each gene will now be described individually.
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5.4.1. ERG gene

A schematic representation of the ERG gene loci that were isolated and sequenced in this
Chapter is shown in Figure 49. Amplicon coverage was increased from the previous
Chapter, which only sequenced the CpG Island near exon 12. The newly targeted region
in the current experiment is located in the intron directly downstream from the first exon.
This region was included in this experiment after | realised there were 2 known promoters

for different transcript variants of ERG.

ERG
— l ———> : 1 F—=—i—H—
| exon 1 f
I
Amplicon coverage
v
010 oz

Amplicon coverage

Figure 49 - Schematic representation of the sequenced region of the ERG gene in VSMC DNA.

As a result of the inclusion of the second ERG gene promoter, which was targeted with a
single amplicon, a total of three amplicons were used to isolate and sequence both

promoter regions. The promoter near exon 12, as in the previous Chapter, spanned a total
of 28 CpG sites at NG_029732.1: 282787-283680. The new addition near exon 1 covered

a total of 37 CpG sites at NG_029732.1: 5162-5540.

The DNA methylation status of the promoter located near exon 12, which was sequenced
in the previous Chapter in PBMC DNA, is shown in Figure 50, where there were no

statistically significant differences in methylation between AAA and controls.
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Figure 50 - DNA methylation status of one of two ERG gene promoters in VSMC DNA: DNA methylation status of 28 sequenced CpG sites in ERG in 24 AAA and 20
controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls and does
not represent intermediate values.
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The DNA methylation status of the promoter located near exon 1, which was not
sequenced in the previous Chapter (in PBMC DNA), but was included for this

experiment, is shown in Figure 51.

This Figure shows that a large portion of the newly targeted ERG promoter, which
consists of 37 CpG sites at NG_029732.1: 5162-5540, was considerably differentially

methylated in those with AAA compared to controls.

Overall 13 CpGs were consecutively hypermethylated in AAAs compared to controls.
The mean methylation of these sites was 18.67% = 3.92 in controls versus 23.8% * 4.11

in cases with a mean increase in methylation of 5.13% + 0.43 (P=0.0005, Q=0.0014).

The 13 CpGs in ERG span a region of 118bp (NG_029732.1:9.5389_5507|gom) which is

located within an intronic region directly downstream from the first ERG exon.

Descriptive statistics of the differential methylation observed in ERG after bisulphite

sequencing of VSMC DNA in 24 AAA and 20 controls are shown in Table 23.
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Figure 51 - DNA methylation status of the second of two ERG gene promoters in VSMC DNA: DNA methylation status of 37 sequenced CpG sites in the ERG gene
promoter sequenced in 24 AAA and 20 controls. 13 CpG sites were hypermethylated methylated in AAA: (+302 (P=0.0019), +306 (P=0.0004), +313 (P=0.0002), +315
(P=0.0001), +318 (P=0.0001), +321 (P=0.0001), +342 (P=0.0003), +353 (P=0.0001), +355 (P=0.0002), +371 (P=0.0003), +381 (P=0.0015), +387 (P=0.0012) and +420
(P=0.0004)). Bars represent standard error. The solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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Gene and Region Relative to start of Meth % Meth % Meth % Age adjusted
i . . ) P value Q value .
location (CpG site) transcription (bp) (controls) (cases) difference odds ratio
5389 +302 14.83 19 4.17 0.0019 0.0037 LS
5393 +306 14.83 19.43 4.6 0.0004 0.001 LS
5400 +313 16.5 21.26 4.76 0.0002 0.001 6.7
5402 +315 14.83 20.43 5.6 0.0001 0.0009 LS
ERG 5405 +318 14.89 19.96 5.07 0.0001 0.0008 6.18
Chr: 21 5408 +321 14.89 20.13 5.24 0.0001 0.0008 6.19
NG_029732.1 5429 +342 18.56 2413 5.58 0.0003 0.001 LS
5440 +353 195 24.65 5.15 0.0001 0.0008 LS
5442 +355 19.28 24 .57 5.29 0.0002 0.0009 LS
5458 +371 22.22 27.22 5 0.0003 0.001 LS
5468 +381 22.67 28.35 5.68 0.0015 0.0032 LS
5474 +387 24.39 29.39 5 0.0012 0.0027 LS
5507 +420 25.33 30.83 5.49 0.0004 0.001 LS

Table 23 — Descriptive statistics of the differentially methylated CpGs in ERG after VSMC sequencing: The candidate gene, genomic coordinates of the specific CpGs,
mean methylation of AAAs and controls, differences in mean methylation, P values, Q values and age adjusted odds ratios are reported. LS = lost significance.
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5.4.2. IL6R gene

The IL6R gene promoter, located directly upstream from the genes transcription start site,
was sequenced in the previous Chapter in PBMC DNA. An illustration of the sequenced
region is reproduced below in Figure 29. The exact same region was also sequenced in

this Chapter in VSMC DNA from 24 AAA and 20 controls.

[ exonl }

Amplicon coverage

Figure 29 - Schematic representation of the sequenced region of the IL6R gene in PBMC and VSMC
DNA.

The targeted CpG Island consists of 15 CpGs at NG_012087.1: 2781-3729bp. The DNA

methylation status of this region is shown in Figure 52.
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Figure 52 - DNA methylation status of the IL6R gene promoter in VSMC DNA: DNA methylation status of 15 sequenced CpG sites in the IL6R gene promoter
sequenced in 24 AAA and 20 controls. 2 CpG sites were hypermethylated in AAA: (-1430 (P=0.0113), -1324 (p=0.0176)). Bars represent standard error. The solid line is to
aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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Figure 52 shows that changes in methylation were seen in the IL6R gene promoter at the
same CpGs as in PBMC assay (NG_012087.1:9.3570_3676|gom). Mean methylation was
89% + 5.83 in AAA and 74.85% * 2.62 in controls. The mean increase in DNA
methylation in those with AAA at these two significantly differentially methylated CpGs

was 14.2% + 3.22 (P=0.0145, Q=0.076).

Descriptive statistics of the differential methylation observed in IL6R after bisulphite

sequencing of VSMC DNA in 24 AAA and 20 controls are shown in Table 24.

Gene and Region Relationto  Meth % Meth %  Meth % Age adjusted
location (CpG site) ;:Z?ts%ipp)tion (controls) (cases) difference P value Qvalue odds ratio
IL6R Chr: 1 3570 -1430 76.7 93.17 16.47 0.0113 0.0743 3.11
NG_012087.1 3676 -1324 73 84.92 11.92 0.0176 0.0773 LS

Table 24 — Descriptive statistics of the differentially methylated CpGs in IL6R after VSMC
sequencing: The candidate gene, genomic coordinates of the specific CpGs, mean methylation of AAAs
and controls, differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
LS = lost significance.
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5.4.3. SERPINB9 gene

SERPINB9 was not sequenced in the previous Chapter in PBMC DNA, as it had not been
identified as relevant to AAA at the time the work was conducted. After the study by
Ryer et al., (2015)'*3 was published, which indicated differential methylation in the
SERPINB9 gene body, the same CpG island was targeted in this project for VSMC

sequencing.

A schematic representation of the section of SERPINB9 gene that was isolated and
sequenced is shown in Figure 53. This shows the amplicon sequencing coverage spanning

a CpG island in the gene body prior to exon 6 and ending in exon 7.

SERPINB9
— —4 ——a——n >
[} [} ] exon 7

Amplicon coverage

Figure 53 - Schematic representation of the sequenced region of the SERPINB9 gene in VSMC DNA.

A total of 4 amplicons were designed to isolate the region of interest which consisted of

77 CpGs. The amplicons cover the genomic region of NC_000006.12: 2889425-2892079.

The DNA methylation status of the sequenced CpG Island is shown in Figure 54.
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Figure 54 - DNA methylation status of the SERPINB9 gene in VSMC DNA: DNA methylation status of 77 sequenced CpG sites in a gene body CpG Island, sequenced in
24 AAA and 20 controls. 1 CpG was hypermethylated in AAA (+13636 (P=0.0098) and 5 were hypo-methylated in AAA (+13606 (P=0.0063), +13653 (P=0.0058), +13660

(P=0.0017), +13668 (P=0.0064), +13712 (0.0012), +13716 (P=0.0010)). Bars represent standard error. The solid line is to aid visualisation of the differences between AAA
and controls and does not represent intermediate values.
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In the SERPINB9 gene, seven CpGs located in the 3’ untranslated region downstream of

exon 7 were found differentially methylated in AAA compared to controls. Overall hypo-

methylation of the region was observed (NC_000006.12:9.2889674_2889564|lom) where

six CpGs were hypo-methylated (P=0.0037, Q=0.032), and 1 CpG was hypermethylated

(P=0.0098, Q=0.0478) (NC_000006.12:9.2889644|gom). This is in contrast to the overall

AAA hypermethylation reported by Ryer et al., (2016) *® which was conducted on

PBMC DNA.

Descriptive statistics of the differential methylation observed in SERPINB9 after

bisulphite sequencing of VSMC DNA in 24 AAA and 20 controls are shown in Table 25.

Relative to

Gene and Region - Meth % Meth % Meth % Age adjusted
transcription P value Q value
location (CpG site)  start (bp) (controls)  (cases) difference odds ratio
2889674 +13606 64.47 51 -13.47 0.0063 0.0375 LS
2889644 +13636 8.579 20.46 11.88 0.0098 0.0478  3.29
SERPINB9 2889627 +13653 82.53 71.67 -10.86 0.0058 0.0375 LS
Chr: 6 2889620 +13660 79.11 62.88 -16.23 0.0017 0.0273 LS
NC_000006.12 2889612 +13668 80.37 70.33 -10.04 0.0064 0.0375 LS
2889568 +13712 87.21 76.58 -10.63 0.0012 0.0273  0.33
2889564 +13716 88.58 78.67 -9.91 0.001 0.0273 LS

Table 25 — Descriptive statistics of the differentially methylated CpGs in SERPINB9 after VSMC
sequencing: The candidate gene, genomic coordinates of the specific CpGs, mean methylation of AAAs

and controls, differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
LS = lost significance.
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5.4.4. SMYD2 gene

SMYD?2 is another gene which was not included in the previous sequencing assay, as it
was only recently discovered in proximity to AAA genomic risk loci in the most recent

GWAS meta-analysis.

A schematic representation of the section of the SMYD2 gene which was isolated and
sequenced is shown in Figure 55. This shows the amplicon sequencing coverage spanning
the gene promoter CpG Island, past the transcriptional start, and ending in the intron

downstream from the 3’ end of exon 1.

SMYD2
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Figure 55 - Schematic representation of the sequenced region of the SMYD2 gene in VSMC DNA.

A total of 3 amplicons were used to isolate and sequence 141 CpGs in the SYMD?2 gene at

NC_000001.11: 214280141-214281733.

DNA methylation status of the CpGs sequenced in SMYD?2 is shown in Figure 56.
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Figure 56 - DNA methylation status of the SMYD2 gene in VSMC DNA: DNA methylation status of 141 CpG sites, sequenced in 24 AAA and 20 controls. 4 CpGs were
hypo-methylated in AAA compared to controls (-821 (P=0.0004), -792 (P=0.0014), -726 (P=0.0016), -633 (P=0.0014)). Bars represent standard error. The solid line is to aid
visualisation of the differences between AAA and controls and does not represent intermediate values.
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It was observed in the SMYD2 gene that four CpGs were significantly hypo-methylated in

those with AAA compared to controls. The specific sites of differential methylation were

in the gene promoter upstream of the transcriptional start site

(NC_000001.11:9214280412_214280600|lom).

Mean control methylation was 48.75% + 5.02, mean methylation in the cases was 37.06%

+ 2.95, and the mean overall decrease in methylation in AAA compared to controls was

11.69% + 8.2 (P=0.0012, Q=0.027).

Descriptive statistics of the CpGs that were differentially methylated in the SMYD2 gene

promoter in 24 AAA compared to 20 controls are shown in Table 26.

Relative to

Gene and Region transcription Meth % Meth %  Meth % P value Q Age adjusted

location (CpGsite)  Start (bp) (controls) (cases)  difference value s ratio

SMYD2 214280412 -821 55.67 39.5 -16.17 0.0004 0.02 LS

Chr:1 214280441  -792 44.8 32.91 -11.89 0.0014  0.0299 0.09

NC_000001.11 214280507 -126 49.22 38.78 -10.44 0.0016 0.0299 0.06
214280600  -633 45.3 37.04 -8.26 0.0014  0.0299 0.03

Table 26 — Descriptive statistics of the differentially methylated CpGs in SMYD2 after VSMC
sequencing: The candidate gene, genomic coordinates of the specific CpGs, mean methylation of AAAs

and controls, differences in mean methylation, P values, Q values and age adjusted odds ratios are reported.
LS = lost significance.
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5.4.5. DAB2IP gene

The DAB2IP gene was a new addition to this Chapter and was not sequenced in the
PBMC assay from Chapter 4. A schematic representation of the DAB2IP gene regions
that were sequenced in this study is shown in Figure 57. This shows the amplicon
sequencing coverage spanning the two identified gene promoters. The first sequenced
CpG Island is located in an intron downstream from the first exon, whilst the other is the

opposite end of the gene, prior to and including exon 9.

DAB2IP

exon 1 -
Amplicon coverage
v

Amplicon coverage

Figure 57 - Schematic representation of the sequenced region of the DAB2IP gene in VSMC DNA.
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A total of 33 CpG sites were sequenced in the DAB2IP gene at the two separate locations

with four sets of bisulphite PCR primers.

The first promoter near exon 1 was amplified and isolated with two amplicons that span
16 individual CpGs at NC_000009.12: 121689899-121691062. The methylation status of
these sites are shown in Figure 58, where there was no statistically significant differential

methylation in the VSMC DNA of 24 AAA and 20 controls.

The second promoter, located near exon 9, was targeted with two amplicons that cover 17
individual CpGs at NC_000009.12: 121767430-121768692, where there were no
statistically significant changes in the methylation of any CpG between 24 AAA and 20

controls (Figure 59).
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Figure 58 - DNA methylation status in one of two DAB2IP gene promoters in VSMC DNA: DNA methylation status of 16 sequenced CpG sites in DAB2IP in 24 AAA
and 20 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls
and does not represent intermediate values.
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Figure 59 - DNA methylation status of the second DAB2IP gene promoter in VSMC DNA: DNA methylation status of 17 sequenced CpG sites in DAB2IP in 24 AAA
and 20 controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls
and does not represent intermediate values.
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5.4.6. LDLR gene

After the positive results were observed in the LDLR gene from the previous Chapter in
PBMC DNA taken from those with AAA compared to controls, sequencing coverage was

increased for this assay by total of 80 CpG sites.

Amplicon coverage for sequencing is illustrated in Figure 60, which shows the previously
sequenced region has been extended downstream further into the intronic region after

exon 1 of the gene.

LDLR
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Amplicon coverage

Figure 60 - Schematic representation of the sequenced region of the LDLR gene in VSMC DNA.

In total for this experiment, 4 amplicons were used to isolate VSMC DNA from the

samples at NG_009060.1: 4376-6785, covering a total number of 113 CpGs.

DNA methylation status of the sequenced LDLR gene region is displayed in Figure 61,
where in contrast to the PBMC DNA sequencing assay, no statistically significant regions

of methylation were present between 24 AAA compared to 20 controls.
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Figure 61 - DNA methylation status of the LDLR gene promoter in VSMC DNA: DNA methylation status of 113 sequenced CpG sites in LDLR in 24 AAA and 20
controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls and does
not represent intermediate values.

178



Chapter 5: Vascular smooth muscle cell DNA methylation analysis in AAA

5.4.7. MMP9 gene

Figure 41 is reproduced from the previous Chapter and displays the amplicon coverage of

the sequenced MMP9 gene promoter.

MMP9
— o ——
. D || exon 2 II D

Am pli( on coverage

Figure 41 - Schematic representation of the sequenced region of the MMP9 gene in PBMC and
VSMC DNA.

In total, 15 CpGs were targeted at NG_011468.1: 3980-5600 with 2 sets of bisulphite
specific PCR primers. However, during data analysis, it was evident that there was some
bad quality data for one of the amplicons (NG_011468.1: 3980-4579). Hence, Figure 62

shows the methylation status of 8 CpGs at NG_011468.1: 4640-5600.

There were no statistically significant differences in methylation between 24 AAA and 20

controls.
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Figure 62 - DNA methylation status of the MMP9 gene promoter in VSMC DNA: DNA methylation status of 8 sequenced CpG sites in MMP9 in 24 AAA and 20
controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls and does
not represent intermediate values.
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5.4.8. LRP1 gene

The same regions, as well as an additional amplicon, were sequenced in the LRP1 gene in
this experiment following the PBMC DNA sequencing assay, which is reported in the
previous Chapter. There was an increase in CpG coverage of 13 at NG_016444.1: 3875-
4240 upstream of the previously targeted region. A schematic illustration of the amplicon

coverage for LRP1 gene promoter sequencing in this Chapter is shown in Figure 63.
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Figure 63 - Schematic representation of the sequenced region of the LRP1 gene in VSMC DNA.

Total sequencing coverage was 62 CpG sites with 3 amplicons spanning NG_016444.1

3875-5036. The methylation status of the sequenced regions are displayed in Figure 64.

There were no significant levels of differential methylation at any of the sites in the LRP1

gene promoter, similarly to the results obtained from the previous Chapter.
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Figure 64 - DNA methylation status of the LRP1 gene promoter in VSMC DNA: DNA methylation status of 62 sequenced CpG sites in LRP1 in 24 AAA and 20
controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls and does
not represent intermediate values.
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5.4.9. SORT1 gene

The same SORT1 CpG Island that was sequenced in the previous Chapter was also assessed
in this Chapter. The amplicon spans 24 CpGs in the SORT1 gene promoter at NG_028280.1:
4363-4804bp, and Figure 31 has been reproduced from Chapter 4 showing a visual

representation of the sequencing coverage in the SORT1 gene.
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Figure 31 - Schematic representation of the sequenced region of the SORT1 gene in PBMC and VSMC
DNA.

The methylation status of the sequenced SORT1 CpG Island is displayed in Figure 65, where

the methylation values between 24 AAA and 20 controls were not statistically different.
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Figure 65 - DNA methylation status of the SORT1 gene promoter in VSMC DNA: DNA methylation status of 24 sequenced CpG sites in SORT1 in 24 AAA and 20
controls. No differential methylation was observed. Bars represents standard error. The solid line is to aid visualisation of the differences between AAA and controls and does
not represent intermediate values.
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5.5. Comparing DNA methylation profiles in PBMC and VSMC DNA

As previously discussed, it is known that different cell types have independent epigenetic
profiles. Essentially, epigenetic manipulation allows for extreme phenotypic diversity and
it was considered likely before Chapter 4 and 5 were conducted to assess PBMC and
VSMC DNA methylation profiles, that there may be differences between the two cell
types. An important factor about these potential changes is that when there are clear
differences between the methylation statuses of cells, the regions signify potential targets
for further study, as it is possible that these specific regions are functionally active in

gene activation/repression and subsequent phenotypic diversity.

In addition to what | already found from the sequencing assays in Chapter 4 and 5, |
wanted to see whether DNA methylation patterns in the same genes would vary by cell
type, and specifically whether these occurred at where | observed inter cell type

differences between AAA and controls.

For every gene that was sequenced in both PBMC and VSMC DNA in this project (one
of the ERG promoters, IL6R, LDLR, LRP1 and SORT1), there is a Figure comparing the
epigenetic profiles of the two sets of cells at each individual CpG site. These methylation
values represent mean methylation of each CpG in each different cell type in AAA and
controls. Figure 66, 67, 68, 69 and 70 represent ERG, IL6R, LDLR, LRP1 and SORT1

respectively.
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5.5.1. ERG comparison

ERG comparison
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Figure 66 — Comparison of PBMC and VSMC DNA methylation status in ERG: Mean methylation of cases and controls were compared for each separate cell type. The
solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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After comparing the methylation status of each CpG that was sequenced in the ERG gene promoter in PBMCs and VSMCs, it was observed that

3 were differentially methylated between the controls, and 4 were differentially methylated between AAAs. See table 27 for descriptive statistics.

Gene and Region Relative to Meth % Meth % Meth % P value Q value Meth % Meth % Meth % Pvalue Q value
location (CpG site) trz?;rc;régg;) n c(oPrIlat:\c/Jllg) C(;/n‘:’r'\éllg ?;Zfﬁtﬁr;gf (controls)  (controls) (Ei';/ls)c (z/;e'\g)c Dl(I::faegs:)ce (cases)  (cases)
282905 +114564 43.97 79.61 -35.64 <0.0001 <0.0001 385 88 -49.5 <0.0001 <0.0001

ERG Chr: 21 283151 +114810 90.5 71.89 18.61 <0.0001 <0.0001 85.55 74.79 10.75 <0.0001  0.0003
NG_029732.1 283206 +114865 ns ns ns ns ns 92.76 79.67 13.09 <0.0001 <0.0001
283510 +115169 92.81 58.8 34.01 <0.0001 <0.0001 93.94 69.42 24.52 <0.0001 <0.0001

Table 27 — Descriptive statistics of the differentially methylated CpGs in ERG after comparison of PBMC and VSMC sequencing: The candidate gene, genomic
coordinates of the specific CpGs, mean methylation of AAAs and controls, differences in mean methylation, P values and Q values are reported. Ns = not significant.
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5.5.2. IL6R comparison
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Figure 67 — Comparison of PBMC and VSMC DNA methylation status in IL6R: Mean methylation of cases and controls were compared for each separate cell type. The
solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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After comparing the methylation status of each CpG that was sequenced in the IL6R gene promoter in PBMCs and VSMCs, it was observed that

13 were differentially methylated between the controls, and 12 were differentially methylated between AAAs. See table 28 for descriptive statistics.

Gene and Region Relative to Meth % Meth % Meth % P value Q value Meth % Meth % Meth % P value Q value
location (CpG site) trz?:rc;rzgg)o n égfﬁ:\gg) c((\)/nstrl\éllcs:) I?Ci;ﬁrr%r;g)e (controls)  (controls) (PBMC cases) (VSMC cases) Di(if:srsgce (cases) (cases)
2891 -2105 82.09 96.55 -14.46 <0.0001  <0.0001 81.67 96.29 -14.63  <0.0001  <0.0001
IL6R Chr: 1 2894 -2102 82.21 92.75 -10.54 0.0007 0.0001 ns ns ns ns ns

NG_012087.1 2899 -2097 70.94 91.3 -20.36 <0.0001  <0.0001 68.85 89.79 -20.94  <0.0001  <0.0001
2910 -2086 60.68 79.55 -18.87 <0.0001  <0.0001 63.33 75.67 -12.33  <0.0001  <0.0001

3039 -1957 56.66 82.95 -26.29 <0.0001  <0.0001 59.13 80.04 -20.92  <0.0001  <0.0001

3043 -1953 55.98 85.3 -29.32 <0.0001  <0.0001 58.4 86.13 -27.73  <0.0001  <0.0001

3285 -1711 29.49 765 -47.01 <0.0001  <0.0001 31.85 77.33 -45.48  <0.0001  <0.0001

3438 -1558 9.191 82.05 -72.86 <0.0001  <0.0001 9.604 88.54 -78.94  <0.0001  <0.0001

3478 -1518 5.565 75.85 -70.28 <0.0001  <0.0001 5.646 86.71 -81.06  <0.0001  <0.0001

3566 -1430 12.38 71.5 -59.12 <0.0001 <0.0001 16.27 77.92 -61.65  <0.0001  <0.0001

3570 -1426 12 76.7 -64.7 <0.0001  <0.0001 15.58 93.17 7758  <0.0001  <0.0001

3644 -1352 15.45 60.25 -44.8 <0.0001 <0.0001 16.81 66.5 -49.69  <0.0001  <0.0001

3676 -1320 34.23 73 -38.77 <0.0001  <0.0001 36.6 84.92 4832  <0.0001  <0.0001

Table 28 — Descriptive statistics of the differentially methylated CpGs in IL6R after comparison of PBMC and VSMC sequencing: The candidate gene, genomic
coordinates of the specific CpGs, mean methylation of AAAs and controls, differences in mean methylation, P values and Q values are reported. Ns = not significant.
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5.5.3. LDLR comparison

1007 LDLR comparison

90 1

801 [ B
m —e— PBMC Controls
%)
o 107 . { —— PBMC Large AAA
+ 1.7
L 60 --¢-- VSMC Controls
s 3 VSMC Large AAA
= 501
i
>
S 40-
(]
IS
< 304
z
)

201

104

0 T T T T T T T T T

-600 -500 -400 -300 -200 -100 0 +100 +200 +300

CpG site in relation to transcriptional start (bp)

Figure 68 — Comparison of PBMC and VSMC DNA methylation status in LDLR: Mean methylation of cases and controls were compared for each separate cell type.
The solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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After comparing the methylation status of each CpG that was sequenced in the LDLR gene promoter and transcriptional start site in PBMCs and
VSMCs, it was observed that 19 were differentially methylated between the controls, and 17 were differentially methylated between AAAs. See
table 29 for descriptive statistics.

Gene and Region  Relative to Meth % Meth % Meth % P value Q value Meth % Meth % Meth % Pvalue  Qvalue
location (QpG transcription ~ (PBMC (VSMC Difference (controls)  (controls) (PBMC (VSMC Difference (cases) (cases)
site) start (bp) controls) controls) (controls) cases) cases) (cases)
4420 -562 94.56 53.89 40.66 <0.0001  <0.0001 95.6 50.79 44.8 <0.0001  <0.0001
LDLR Chr: 19 4439 -543 96.71 67.11 29.61 <0.0001  <0.0001 97.74 60.71 37.03 <0.0001  <0.0001
NG_009060.1 4479 -503 97.36 79.21 18.15 <0.0001  <0.0001 97.55 70 27.55 <0.0001  <0.0001
4600 -382 72.23 66.89 5.338 0.0102 0.008203 ns ns ns ns ns
4662 -320 72.84 64.42 8.416 <0.0001  <0.0001 73.88 57.54 16.34 <0.0001  <0.0001
4900 -82 25.23 19.68 5.545 0.0068 0.0057 ns ns ns ns ns
5089 +7 23.64 17.63 6.007 0.0034 0.0031 30.46 19.29 11.17 <0.0001  <0.0001
5127 +145 27.69 17.21 10.48 <0.0001  <0.0001 34.02 19.29 14.73 <0.0001  <0.0001
5134 +152 274 17.89 9.501 <0.0001  <0.0001 33.85 20.46 134 <0.0001  <0.0001
5139 +157 274 17.37 10.03 <0.0001  <0.0001 345 20.21 14.29 <0.0001  <0.0001
5163 +181 29.02 17.42 11.6 <0.0001  <0.0001 33.9 20.58 13.31 <0.0001  <0.0001
5192 +210 30.13 17.68 12.44 <0.0001  <0.0001 35.83 20.58 15.25 <0.0001  <0.0001
5200 +218 29.88 17.26 12.61 <0.0001  <0.0001 34.88 19.92 14.96 <0.0001  <0.0001
5203 +221 29.71 17.21 12.5 <0.0001  <0.0001 34.88 19.17 15.71 <0.0001  <0.0001
5215 +233 29.73 16.74 12.99 <0.0001  <0.0001 34.42 18.58 15.83 <0.0001  <0.0001
5218 +236 32.42 16.53 15.89 <0.0001  <0.0001 38.77 18.25 20.52 <0.0001  <0.0001
5220 +238 30.02 18.37 11.65 <0.0001  <0.0001 34.98 20.29 14.69 <0.0001  <0.0001
5223 +241 33.69 15.74 17.95 <0.0001  <0.0001 40.19 18.46 21.73 <0.0001  <0.0001
5252 +270 36.46 16.63 19.83 <0.0001  <0.0001 42.19 19.88 2231 <0.0001  <0.0001
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Table 29 — Descriptive statistics of the differentially methylated CpGs in LDLR after comparison of PBMC and VSMC sequencing: The candidate gene, genomic
coordinates of the specific CpGs, mean methylation of AAAs and controls, differences in mean methylation, P values and Q values are reported. Ns = not significant.

5.5.4. LRP1 comparison
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Figure 69 — Comparison of PBMC and VSMC DNA methylation status in LRP1: Mean methylation of cases and controls were compared for each separate cell type.

After comparing the methylation status of each CpG that was sequenced in the LRP1 gene promoter in PBMCs and VSMCs, it was observed that

21 were differentially methylated between the controls, and 22 were differentially methylated between AAAs. See table 30 for descriptive statistics.
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Gene and Region Relative to Meth % Meth % Meth % P value Q value Meth % Meth % Meth % P value Q value
location (C_:pG transcription (PBMC (VSMC Difference (controls)  (controls) (PBMC (VSMC Difference (cases) (cases)
site) start (bp) controls) controls) (controls) cases) Cases) (cases)
4756 -239 17.64 3.3 14.34 <0.0001  <0.0001 19.61 1.522 18.09 <0.0001  <0.0001
LRP1 Chr: 12 4764 -231 17.77 3.15 14.62 <0.0001  <0.0001 19.36 1.652 17.7 <0.0001  <0.0001
NG_016444.1 4784 -211 18.51 3.7 14.81 <0.0001  <0.0001 20.3 1.826 18.48 <0.0001  <0.0001
4799 -196 18.69 4.95 13.74 <0.0001  <0.0001 20.91 1.913 19 <0.0001  <0.0001
4809 -186 18.82 2.9 15.92 <0.0001  <0.0001 21.11 2.087 19.02 <0.0001  <0.0001
4811 -184 17.85 3 14.85 <0.0001  <0.0001 20.37 2.217 18.15 <0.0001  <0.0001
4817 -178 18.97 2.75 16.22 <0.0001  <0.0001 22.4 2.043 20.36 <0.0001  <0.0001
4819 -176 18.64 2.6 16.04 <0.0001  <0.0001 217 2.043 19.65 <0.0001  <0.0001
4822 -173 18.87 2.8 16.07 <0.0001  <0.0001 218 2.217 19.59 <0.0001  <0.0001
4832 -163 17.44 25 14.94 <0.0001  <0.0001 19.72 1.87 17.85 <0.0001  <0.0001
4839 -156 18.53 3.4 15.13 <0.0001  <0.0001 20.69 2.478 18.21 <0.0001  <0.0001
4841 -154 19.44 3.55 15.89 <0.0001  <0.0001 21.39 2.522 18.87 <0.0001  <0.0001
4849 -146 18.67 4.25 14.42 <0.0001  <0.0001 21.48 1.957 19.52 <0.0001  <0.0001
4852 -143 18.54 4.25 14.29 <0.0001  <0.0001 22.18 2.217 19.96 <0.0001  <0.0001
4858 -137 19.67 475 14.92 <0.0001  <0.0001 23.16 2.652 2051 <0.0001  <0.0001
4875 -120 19.46 4.95 1451 <0.0001  <0.0001 23.16 2.652 20.51 <0.0001  <0.0001
4877 -118 19.82 4.65 15.17 <0.0001  <0.0001 22.91 2.783 20.12 <0.0001  <0.0001
4920 -76 ns ns ns ns ns 5.095 0.7391 4.356 0.0032 0.004
4981 -15 14.29 1.316 12.97 <0.0001  <0.0001 14 1 13 <0.0001  <0.0001
4994 -2 15.42 1.105 14.32 <0.0001  <0.0001 17.29 1.043 16.24 <0.0001  <0.0001
5004 +8 13.37 0.6316 12.74 <0.0001  <0.0001 15.58 0.9565 14.62 <0.0001  <0.0001
5009 +13 13.97 1.05 12.92 <0.0001  <0.0001 15.38 1.087 14.29 <0.0001  <0.0001

Table 30 — Descriptive statistics of the differentially methylated CpGs in LRP1 after comparison of PBMC and VSMC sequencing: The candidate gene, genomic
coordinates of the specific CpGs, mean methylation of AAAs and controls, differences in mean methylation, P values and Q values are reported. Ns = not significant.
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5.5.5. SORT1 comparison

SORT1 comparison
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Figure 70 — Comparison of PBMC and VSMC DNA methylation status in SORT1: Mean methylation of cases and controls were compared for each separate cell type.
The solid line is to aid visualisation of the differences between AAA and controls and does not represent intermediate values.
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After comparing the methylation status of each CpG that was sequenced in the SORT1 gene promoter in PBMCs and VSMCs, it was observed that

3 were differentially methylated between the controls, and 8 were differentially methylated between AAAs. See table 31 for descriptive statistics.

Gene and Region Relative to Meth % Meth % Meth % P value Q value Meth % Meth % Meth % P value Q value

location ((_‘,pG transcription (PBMC (VSMC  Difference (controls)  (controls) (PBMC (VSMC Difference (cases) (cases)
site) start (bp) controls) controls)  (controls) cases) cases) (cases)

4399 -592 60.28 69.56 -9.281 0.0003 0.0019 58.81 72.92 -14.1 <0.0001  <0.0001

SORT1Chr:1 4491 -500 ns ns ns ns ns 47.23 59.25 -12.02 <0.0001  <0.0001

NG_028280.1 4503 -488 45.15 54.83 -9.683 0.0001 0.0019 46.75 54.83 -8.083 <0.0001 0.0004

4520 -471 36.98 46.22 -9.247 0.0003  0.0019 38.98 46.21 -7.229 0.0004  0.0010

4528 -463 ns ns ns ns ns 36.25 43.58 -7.333 0.0003 0.0001

4607 -384 ns ns ns ns ns 4531 39.13 6.188 0.0023 0.0047

4646 -345 ns ns ns ns ns 46.06 38.58 7.479 0.0002 0.0009

4697 -294 ns ns ns ns ns 34.44 40.67 -6.229 0.0022 0.0047

Table 31 — Descriptive statistics of the differentially methylated CpGs in SORT1 after comparison of PBMC and VSMC sequencing: The candidate gene, genomic
coordinates of the specific CpGs, mean methylation of AAAs and controls, differences in mean methylation, P values and Q values are reported. Ns = not significant.
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5.6. Conclusion

This study is the first to assess DNA methylation in VSMCs of people with AAA. The
results demonstrate further evidence that there is an epigenetic basis to AAA, and is proof
of concept for further large scale analysis. It was identified that significant differentially
methylated CpGs exist in ERG, IL6R, SERPINB9 and SMYD2 in VSMC DNA from

people with AAA compared to controls.

ERG is a member of a transcription factor family and is required for vascular
remodelling, SERPINBS is a serine protease inhibitor that inhibits the activity of
Granzyme B, and SMYD?2 is a lysine methyltransferase which regulates activity of other
genes. Dysregulation of any of these genes may cause irregular physiological events
within the vasculature!®1% and considering aberrant methylation patterns have been
identified at CpGs that regulate these genes, it is possible that functional dysregulation as

a result of differential methylation could be a contributory factor in AAA pathobiology.

It is evident in the work from this Chapter, and previously in Chapter 4, how incredibly
accurate the bisulphite sequencing methodology is when assessing DNA methylation,
given the highly consistent results and low levels of variation between individual

samples, especially when there is a larger sample size. This is very important because it
then allows the identification of real, significant methylation differences between sample
groups. The work in this chapter differs from Chapter 4 due to the origin of the DNA
source used for methylation analysis. PBMC DNA is derived from the immune cells of
the blood, whereas VSMC DNA is derived directly from the site of aneurysm in the aortic

wall. Both of these DNA sources potentially offer valuable insight to the pathobiology of
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aneurysms given the distinguished role of blood leukocytes and vascular cell apoptosis

during AAA formation and growth®3,

Interestingly, the methylation profiles largely differed between DNA derived from
PBMCs and VSMC:s, reflecting exactly how differences in CpG methylation may control
phenotypic plasticity. In PBMCs it was observed that large portions of the SORT1 and
LDLR gene promoters were hypermethylated in AAA compared to controls (Chapter 4),
but this was not replicated in VSMC DNA (current Chapter). However there were
differences in methylation between the cell types at the same CpGs in LDLR where there
were differences between AAA and controls in PBMCs. In IL6R, CpGs were
hypermethylated at the same location in both DNA sources in individuals with AAA,
which is particularly interesting since there were also very strong differences at these
CpGs between the different cell types. All other sites which were differentially
methylated in VSMCs (ERG, SERPINB9 and SMYD2) were new additions and were not

sequenced in the PBMC assay.

There were limitations to this work, including limited sample size which was specifically
hindered due to the difficulty of obtaining aortic tissues. This problem in turn had an
effect on sample group demographics, and as a result it was not possible to control for
gender, smoking and age as effectively as in the global methylation and PBMC
sequencing assay. Furthermore, the small sample size had further impact on the results,
including large deviation ranges of mean sample group methylation values, in addition to
lower statistical power and confidence levels than the PBMC NGS assay which had more

than double the sample size.

Hypoxia induced methylation changes have been studied extensively in a range of

different cell types, identifying that significant lack of oxygen reaching cells can result in
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aberrant gene function and adverse phenotypic effects'®1%°. This is particularly relevant
to this work considering aortic tissues were detached from live and deceased human
bodies and were subject to variable times of hypoxic conditions prior to primary cell
culture. This may or may not have had a significant impact on the levels of DNA
methylation in the vascular cells constituting the tunica media of the aortas due to the
absence of literature on the subject specific to VSMCs. This factor would therefore

represent an important potential future experiment.

Corroboration of the differential methylation observed in Chapter 4 (PBMC methylation)
and Chapter 5 (VSMC methylation) will be addressed in the fourth and final results
chapter (Chapter 6) of this thesis. The work in Chapter 5 concentrates on VSMC gene
expression and blood plasma protein expression analysis to determine whether observed

methylation changes are associated with gene functionality.
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6. Chapter 6 — Results section 4

Functional corroboration of differential methylation in AAA
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6.1. Introduction

This thesis has so far established that global PBMC DNA hypermethylation is associated
with large AAA and increasing AAA size, which is independent of circulating
HOMOCYSTEINE. In addition, gene specific CpG methylation changes were then
identified in PBMC and VSMC DNA in individuals with AAA compared to controls.
This work has provided compelling evidence that there is a previously unidentified
epigenetic basis to AAA in a global and gene specific context. However, the functional

effects of these methylation changes have not yet been addressed.

It is well known that DNA methylation is a key regulatory mechanism of gene
functionality?®® 201 which essentially allows for cell, tissue and organ differentiation,
resulting in phenotypic diversity and specialised function?2, When there are changes to
normal DNA methylation patterns, particularly at CpG islands located in the regulatory
regions of genes, adverse phenotypic events have been observed which can promote
diseasel?” 131, 181,193,203, 204 ‘N jethylation aberrations are either a result of external
environmental influence or due to genetic variation'!! 20529 The methylation analysis
performed during this PhD project has concentrated on potential inherited DNA
methylation aberrations by controlling for non-genetic confounders of DNA methylation

that are also risk factors of AAA (gender, age, smoking and ethnicity).

This chapter will assess the potential functional effects of differential methylation
observed in genes from PBMC sequencing (Chapter 4; IL6R, LDLR and SORT1) and

VSMC sequencing (Chapter 5; ERG, IL6R, SERPINB9 and SMYD?2).

200



Chapter 6: Functional corroboration of differential methylation in AAA

6.1.1 Aims for Chapter 6 — Results section 4

1. To determine whether changes to CpG methylation in peripheral blood DNA (Chapter

4) are directly associated with blood plasma concentration of the respective gene product.

2. To determine whether changes to CpG methylation in vascular cell DNA (Chapter 5) are

directly associated with mRNA expression of the same gene.

3. To establish whether protein expression in whole aortic tissue is evident in genes where
associations between methylation and gene functionality are observed.
6.1.2. Objectives for Chapter 6 — Results section 4

1. Conduct ELISAs to establish blood plasma protein expression levels of differentially

methylated genes from Chapter 4 in 20 AAA and 20 controls.

2. Conduct RT-gPCR gene expression analysis on mRNA from 24 AAA and 20 controls

in differentially methylated genes from Chapter 5.

3. Conduct immunohistochemistry on 6 whole aortic tissue samples (3 AAA and 3 controls)
where associations between methylation and gene expression are observed in Chapter 5.
6.1.3. Hypotheses for Chapter 6 — Results section 4

1. It is hypothesised that where methylation differences are seen in people with AAA
compared to controls, differential gene and/or protein expression will also be present, and

directly related to the level of CpG methylation.

2. It is hypothesised that where these relationships are observed, whole aortic tissue

protein analysis will corroborate them.

201



Chapter 6: Functional corroboration of differential methylation in AAA

6.2. Plasma protein analysis to corroborate PBMC methylation

In Chapter 4, bisulphite methylation sequencing was performed on DNA derived from the
PBMCs of 48 AAA and 48 controls. In the current chapter, to see if the observed
methylation changes in those with AAA are linked with gene function and potentially

contribute towards AAA pathobiology, functional corroboration was needed.

Commonly this type of experiment would be performed with gene expression analysis
(RT-gPCR) on mRNA extracted from the same buffy coats as the DNA source. However
for the samples used in Chapter 4 (PBMC sequencing), this was not possible due to the
way in which the blood samples were stored upon collection. To work around this issue,
it was decided instead that blood plasma expression assays would be conducted to
measure circulating blood concentrations of differentially methylated genes, which
included IL6R, SORT1 and LDLR. LDL lipid analysis was also conducted due to the role

of the LDLR and SORT1 proteins in LDL lipid metabolism*® 297

As described in Chapter 2, ELISAs were performed to acquire blood plasma
concentrations from 40 samples (20 AAA and 20 controls; Table 32) for each separate

assay. These were then compared to their respective DNA methylation values.

Given that the DNA samples used in this analysis were from the previous PBMC
sequencing assay in Chapter 4, all were from Caucasian men over the age of 65 who had,

at the time of collection, smoked for at least 10 years.
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20 large AAA 20 Controls
(>5.5cm) (<25cm)
Median age (IQR) 74 (69-77) 68 (67-72)
Mean aortic diameter (cm (+/- SD)) 6.67 (0.66) 1.91 (0.07)

Table 32 - Demographic summary of samples which were used to assess blood plasma protein
concentrations of SORTL, LDLR, LDL and IL6R.

Below in Table 33 is a brief summary of the descriptive statistics from this analysis, and
subsequent to that, each assay is described individually.

Blood plasma concentrations

Protein Mean in controls (+/-SE) Mean in AAA (+/-SE) P value
IL6R 119.7 ng/ml + 10.79 72.62 ng/ml £ 6.263 0.0007
LDLR 2.544 ng/ml £ 0.3407 2.436 ng/ml + 0.358 0.82

SORT1 0.2956 ng/ml £+ 0.05719 0.2631 ng/ml £ 0.02591 0.61
LDL 36.95 ug/ml £ 1.074). 36.41 ug/ml £ 2.36 0.834

Table 33 - Descriptive statistics of the blood plasma assays to corroborate methylation in PBMCs:
The proteins which were assessed, mean methylation of controls, AAAs and P values are reported.
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6.2.1. IL6R blood plasma analysis

Blood plasma IL6R levels were assessed in 20 AAA and 20 controls as previously
described. There was a significant decrease (P=0.0007) in those with AAA (72.62 ng/MlI

+ 6.263) compared to controls (119.7 ng/MI + 10.79). These results are displayed in

Figure 71.
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Figure 71 — IL6R blood plasma concentrations of 20 AAA and 20 controls: There was a significant
decrease (P=0.0007) in those with AAA (72.62 ng/ml £ 6.263) compared to controls (119.7 ng/ml + 10.79).

After performing linear regression analysis to determine the relationship between IL6R
blood plasma concentration and DNA methylation in the IL6R gene promoter, it was
evident that there was no correlation after statistical analysis (R>=0.004 and P=0.703,
Figure 72). This suggests that the difference in circulating IL6R may not be a result of
differential methylation in the IL6R gene promoter, and the two factors are not directly
linked.
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Figure 72 - Linear relationship between IL6R blood plasma and IL6R gene promoter methylation:
No correlation was observed (R?=0.004 and P=0.703) in 40 samples (20 AAA and 20 controls).
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6.2.2. LDLR blood plasma analysis

After assessing the circulating blood plasma LDLR concentrations of 20 AAA and 20
controls, it was identified that there was no significant difference (P=0.829) between the
two groups. Mean circulating LDLR in the controls was 2.436 ng/MI £ 0.358, and mean
circulating LDLR in those with AAA was 2.544 ng/MI + 0.3407. These results are

displayed in Figure 73.
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Figure 73 — LDLR blood plasma concentrations of 20 AAA and 20 controls: Mean circulating LDLR in
the controls was 2.436 ng/ml £ 0.358, and 2.544 ng/ml + 0.3407 in the controls (P=0.82).
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When assessing the linear relationship between soluble LDLR and differential
methylation in the LDLR gene promoter, there was no significant correlation (R?=0.023

and P=0.349) (Figure 74).
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Figure 74 - Linear relationship between LDLR blood plasma and LDLR gene promoter differential
methylation: No correlation was observed (R2=0.023 and P=0.349) in 40 samples (20 AAA and 20
controls).
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6.2.3. SORT1 blood plasma analysis

SORT1 circulating blood plasma analysis was conducted on the 20 AAA and 20 controls,
and there were no significant differences (P=0.61) between AAA (0.2631 ng/ml +

0.02591) and controls (0.2956 ng/ml + 0.05719).

These results are displayed in Figure 75.
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Figure 75 — SORT1 blood plasma concentrations of 20 AAA and 20 controls: There were no significant
differences (P=0.61) between AAA (0.2631 ng/ml £ 0.02591) and controls (0.2956 ng/ml + 0.05719).
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Linear regression analysis was conducted to assess the relationship between circulating

plasma SORT1 levels, and differential methylation in the SORT1 gene promoter, and

there was no statistically significant correlation (R?=0.01 and P= 0.562) (Figure 76).
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Figure 76 - Linear relationship between SORT1 blood plasma and SORT1 gene promoter differential
methylation: No correlation was observed (R2=0.01 and P=0.562) in 40 samples (20 AAA and 20

controls).
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6.2.4. LDL blood plasma analysis

The results from the circulating LDL assay revealed there was no significant difference in
the blood plasma concentration of LDL (P=0.834) between 20 AAA (36.41 ug/ml £ 2.36)

and 20 controls (36.95 ug/ml + 1.074).

Although there were no differences between the two groups it is still very clear that the

deviation in LDL lipid profile of those with AAA is much larger than healthy controls.

The results from this analysis are shown in Figure 77.
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Figure 77 — LDL blood plasma concentrations of 20 AAA and 20 controls: There was no significant
difference in the blood plasma concentration of LDL (P=0.834) between 20 AAA (36.41 ug/ml £ 2.36) and

20 controls (36.95 ug/ml + 1.074).
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Linear regression was then performed to assess the relationship between LDL blood
plasma concentrations, and differential methylation in the SORT1 and LDLR gene
79promoters at previously identified differentially methylated sites. There was no
significant relationship between plasma LDL and SORT1 gene promoter methylation
(R?=0.003 and P= 0.737; Figure 78), or plasma LDL and LDLR gene promoter

methylation (R?=0.012 and P=0.496; Figure 79).
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Figure 78 - Linear relationship between LDL blood plasma and SORT1 gene promoter differential
methylation: No correlation was observed (R2=0.003 and P= 0.737) in 40 samples (20 AAA and 20
controls).
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Figure 79 - Linear relationship between LDL blood plasma and LDLR gene promoter differential
methylation: No correlation was observed (R?=0.012 and P=0.496) in 40 samples (20 AAA and 20
controls).
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6.3. Gene expression analysis to corroborate VSMC methylation

In genes where differentially methylated regions were identified in Chapter 5 (VSMC
sequencing; ERG, IL6R, SERPINB9 and SMYD2), mRNA gene expression analysis was
performed in the same samples (Table 20, reproduced from Chapter 5) to assess the
relationship between DNA methylation and gene expression. This analysis was conducted

as previously described in Chapter 2.

24 Large AAA 20 Cadaveric controls
(>5.5cm) (Exact aortic diameters unknown)

No of males 24 16
No of females 0 4

Ethnicity Caucasian Caucasian
Smoker 22 15

Median age (IQR) 68 (65-73) 56 (49-62)
Mean aortic diameter (mm (+/- SD)) 6.5(1.2) <3

Table 20: Demographic summary of samples where vascular smooth muscle cell DNA was bisulphite
treated and used for next generation sequencing.

Figure 80 displays the results for this experiment, and Table 34 is a brief summary of the

descriptive statistics.
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Figure 80 - Gene expression values of differentially methylated genes in VSMCs: Expression analysis of SMYD2, SERPINB9, IL6R and ERG expression in 20 controls
and 24 AAA. Median values are shown with box (interquartile range) and whiskers (range). SYMD2 (P=0.0000008) and SERPINB9 (P=0.00001) were significantly down-
regulated in AAA compared to controls, whilst there were no differences in expression in the ERG (P=0.096) or IL6R (P=0.588) genes.
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Gene expression values (-delta Ct)

Mean in controls (+/-SE) Mean in AAA (+/-SE) P value

-6.55 (0.15) -8.27 (0.25) 0.0000008
-8.39 (0.27) -10.61 (0.34) 0.00001
-12.51 (0.62) -13.04 (0.74) 0.588
-10.81 (0.73) -9.397 (0.42) 0.096

Table 34 - Descriptive statistics of the gene expression assays to corroborate methylation in VSMCs:
The genes which were assessed, mean methylation of controls, AAAs and P values are reported.

There was a significant overall reduction in the expression of SMYD2 (P<0.0001) in

AAA (-8.28 +/- 0.25) compared to controls (-6.55 +/- 0.15).

There was also a significant reduction in expression of SERPINB9 (P<0.0001) in people

with AAA (-10.61 +/- 0.34) compared to controls (-8.39 +/- 0.27).

However, there were no differences in expression in IL6R (P=0.588) and ERG (P=0.096)

mRNA from individuals with AAA compared to controls.
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6.3.1. Gene expression and DNA methylation analysis

Differentially methylated CpG sites in each of the 4 genes were compared to their
respective gene expression levels for each individual sample where expression and

methylation values were acquired.

7.3.1.1 ERG expression and DNA methylation

There were no statistically significant differences in gene expression between AAA and
controls in ERG (P=0.096), and there was also no relationship between the differential
methylation of the ERG gene promoter and ERG gene expression gene expression

(R2=0.03 and P=0.2955) (Figure 81).
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Figure 81 - Linear regression between gene expression and mean DNA hypermethylation in ERG:
This graph shows the mean methylation values of the 13 consecutively hypermethylated CpGs
(NG_029732.1: 5389-5507) which were not associated with IL6R gene expression (P=0.31, n=38).
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7.3.1.2. IL6R expression and DNA methylation

When conducting linear regression between IL6R gene expression and differentially
methylated CpGs in the IL6R gene promoter, no statistically significant relationship was

seen (R?=0.00004 and P=0.96) (Figure 82).
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Figure 82 - Linear regression between gene expression and mean DNA hypermethylation in IL6R:
This graph shows the methylation values of the two hypermethylated CpGs (3570 and 3676), which were
not associated with IL6R gene expression (P=0.31, n=38).
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7.3.1.3. SERPINBS9 expression and DNA methylation

In the SERPINB9 gene, where significant expression and methylation differences were
observed, neither the hyper nor hypo-methylated CpG sites were associated with

SERPINB9 expression levels (P=0.31 and P=0.243 and respectively) (Figure 83 and 84).
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Figure 83 - Linear regression between gene expression and mean DNA hypermethylation in
SERPINB9: This graph shows the methylation values at the single hypermethylated CpG 2889644
(P=0.31, n=38), which was not associated with SERPINB9 gene expression.
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SERPINBY9 hypo-methylated sites
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Figure 84 - Linear regression between gene expression and mean DNA hypo-methylation in
SERPINBS9. : This graph shows the methylation values of the Hypo-methylated CpGs; 2889674, 2889627,
2889620, 2889612, 2889568, 2889564 (P=0.243, n=37), which were not associated with SERPINB9 gene
expression.
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7.3.1.4. SMYD2 expression and DNA methylation

The mean DNA methylation percentage of differentially methylated CpGs (214280412,
214280441, 214280507 and 214280600) in the SMYD2 gene promoter was significantly

associated with SMYD2 gene expression (P=0.0383, R? = 0.17, (Figure 85)).

This significant, positive association between differential gene promoter DNA
methylation and differential gene expression of the same gene signifies a potential causal
relationship between the two factors, given that methylation is a common regulator of

gene expression. However, this cannot be stated without further work.
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Figure 85 - Linear relationship between gene expression and mean DNA methylation in SMYD2:
Mean methylation status of CpGs (NC_000001.11: 214280412, 214280441, 214280507 and 214280600) in
the SMYD2 promoter were significantly associated with SMYD2 gene expression (n=26 where sufficient

sequencing coverage and expression data was acquired).
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6.4. Immunohistochemistry to assess SMYD2 in aortic tissue

It was described in the previous section that differential methylation in the SMYD2 gene
promoter was directly related to gene expression, and there were no such relationship
shown in ERG, IL6R or SERPINB9. Specifically, DNA hypo-methylation was seen in the
same VSMC samples where there was a lower mRNA expression of SMYD2. This
represents a potentially significant concept, because differential gene activity as a
consequence of differential promoter methylation may reveal a new insight to the
pathobiology of the disease. To further corroborate this relationship, and to ensure that
the differential gene activity between AAA and controls was applicable to the site of
aneurysm in the aortic wall, histological staining of the Smyd2 protein was conducted in
whole aortic tissues from 6 of the same samples used in methylation and gene expression

analysis (3 AAA and 3 controls).

For each of the 6 samples, 3 individual stains were conducted (total = 18 slides) on tissue
slices from the same aortic sections. One was for Symd2 staining, one was for a Smyd2
control with no primary antibody, and one was for smooth muscle actin (SMA) staining.
The controls were checked for the presence of Smyd2, and all were absent of brown
colouring, which represents the presence of primary antibody. The SMA slides were then
visualised and where the densest sections of smooth muscle fibres were seen, the Smyd2
slides were visualised and photographs were taken. Results are shown in Figure 86 which
shows a comparison of the Smyd2 protein expression in VSMCs in abdominal aortic

tissues of those with AAA compared to controls.
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SMYD2 antibody staining
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Figure 86 - Immunohistochemical staining for smooth muscle actin (SMA) and Smyd2: Staining of aneurysmal (n=3) and non-aneurysmal (n=3) abdominal aortas was conducted. Brown =
presence of Smyd2antibody.
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The adopted histological technique for this assay is hard to quantify, and is not as
objective as other methodologies such as RT-qPCR for establishing gene expression for
example. However, Figure 86 subjectively shows a reduced abundance of the Smyd2
protein (brown colouring) in the tissues of those with AAA compared to controls. Whilst
a statistical analysis is not available, it appears that the same pattern of downregulation
(from the mRNA gene expression analysis) is evident in AAA compared to controls,
which corroborates the findings from the previous section. This demonstrates that
transcript expression differences are also reflected from a translational protein

perspective.

6.5. Conclusion

This chapter is the final results chapter of this thesis, in which the potential functional
effects of differential methylation observed in genes from PBMC sequencing (Chapter 4,
IL6R, LDLR and SORT1) and VSMC sequencing (Chapter 5, ERG, IL6R, SERPINB9 and
SMYD2) was conducted. Circulating IL6R, SERPINB9 gene expression and SMYD2 gene
expression was decreased in those with AAA, and there was a linear relationship between
SMYD2 gene expression and SMYD2 promoter methylation. Further to this, the
expression pattern of the Ssmyd2 protein was assessed in aortic tissues using
immunohistochemistry and visualised at the most VSMC dense regions. This analysis
highlighted a reduced abundance of Ssmyd2 in the abdominal aortas of AAA compared

to controls and further corroborated the SMYD2 gene methylation/expression relationship.

However, many limitations are applicable to this chapter overall, which especially relate
to the PBMC experiments. Direct gene expression analysis could not be conducted in
PBMC mRNA to corroborate PBMC DNA methylation changes. Due to the manner in
which the UKAGS samples are stored after collection (patient blood samples are
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centrifuged and frozen), it was not possible to obtain mRNA for candidate gene
expression analysis, as freezing at -20 °C is not a viable storage option to prevent the
degradation of mMRNA over long term periods of time. Therefore gene expression analysis
could not be conducted. As an alternative, blood plasma protein assays were performed to
functionally corroborate methylation changes, however LDLR, SORTL, LDL and IL6R
blood plasma concentrations were not linked with DNA methylation in any gene. It is
possible that with the conduct of a more appropriate methodology such as RT-gPCR,

there would be more certainty of the results.

Although DNA methylation status of the genes sequenced from the PBMC assay were
not associated with gene functionality, the results obtained during PBMC sequencing
(Chapter 4) are still of significant value, given there are clear signs of consistent
hypermethylation in the regulatory regions of SORT1, LDLR and IL6R. This represents
proof of concept and justification for more complete, large scale analysis of these loci as
potential targets in AAA pathobiology. It would be suggested that this future analysis was
conducted on samples where direct gene expression analysis could be performed, which
would help alleviate any doubt regarding the results gained from the current study. This is
important due to the fact that ELISAS to assess circulating protein/lipid levels are not as
accurate or representative of gene function as direct mMRNA gene expression analysis

conducted via RT-gPCR.

Gene expression and blood plasma protein analysis for corroboration essentially does not
establish a causal role of methylation on gene functionality. It is a novel concept in this
study that differential DNA methylation is correlated with AAA, however there is also an
important limitation because the study did not test if the correlation has any causality to

AAA development, it only measured associations. Mechanistic studies such as luciferase
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reporter assays would be ideal in the future to establish the functional role of the observed

associations of this study.

In summary, the linear relationship that was observed between SMYD2 methylation and
gene transcript expression, in addition to the corroboration of protein expression in
abdominal aortic tissues in this Chapter, suggests that hypo-methylation in the SMYD2
gene promoter could play a role in decreased SMYD2 expression and consequent irregular
cardio-physiology. The value and implications of all the findings from this thesis will be

discussed in the next chapter.
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7. Chapter 7 - Discussion
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7.1. Summary of the potential role of DNA methylation in AAA

DNA methylation patterns are long term inherited signatures that are passed through
generations, and can be permanently or temporarily affected by both genetic and
environmental factors?® 3, Changes in DNA methylation are involved in other
cardiovascular diseases such as hypertension and atherosclerosis, both of which may be
contributing factors to the development of AAA% 140 Additionally, aberrant DNA
methylation changes have been associated with age and smoking®® %, as well as implicated
in MMP induced vascular remodelling and inflammation, which are important pathogenic
mechanisms in AAA development?’. Variations in DNA sequence at polymorphic loci can
result in variable patterns of DNA methylation. These genomic sites are known as
methylation quantitative trait loci (meQTL), and are indicative of a direct genetic influence
on levels of DNA methylation'?® 126121 There is some knowledge of meQTL in disease, but
this understanding is limited and currently there is no comprehensive database highlighting

specific genotype-methylation associations.

It therefore is likely that there are unreported disease specific meQTL, and known
polymorphic risk loci identified in previous AAA GWASs represent potentially insightful
targets for further genetic and methylation analysis. The identification of adverse epigenetic
modifications directly linked to patients with AAA could offer a more comprehensive
understanding of AAA pathobiology, and an alternative research avenue in the search for a

potential future treatment strategy*> 6.

Through an extensive review of the literature, which is presented in Chapter 1, the majority
of factors associated with AAA are also associated with DNA methylation, yet there has been
very limited investigation. The only study to date was conducted by Ryer et al.,**3, which was
published mid-way through this PhD project, who conducted a methylation study on AAA in
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peripheral blood DNA from 20 AAA patients (11 smokers and 9 non-smokers) and 21 control
samples (10 smokers and 11 non-smokers) using Illumina 450k bead chip arrays. They
identified differentially methylated regions in ADCY10P1, CNN2, KLHL35, and SERPINB9,
but only CNN2 and SERPINB9 were differentially expressed. As a result of the limited
investigation in to the epigenetic basis of AAA, in addition to the clear rationale for further
study, this PhD project was designed to investigate the role of DNA methylation in AAA

through adopting hypothesis based aims and objectives.

7.2. Summary of findings

This thesis has demonstrated an original contribution to knowledge at each experimental
stage, providing further insight to the epigenetic basis of AAA. Aberrant DNA methylation
patterns have been identified which may contribute towards adverse gene function and the
development of AAA. Various approaches were adopted in order to assess these

relationships, and this is the first work to assess DNA methylation in AAA using NGS.

Firstly, global DNA hypermethylation (45 small AAA, 48 large AAA and 92 controls) was
identified in those with a large AAA, and a linear association between AAA and aortic
diameter was illustrated independently of circulating homocysteine (70 AAA and 67
controls). In addition, these results were independent of age, sex, ethnicity and smoking,

likely highlighting the role of inflammation on global DNA methylation.

Regulatory regions of candidate genes known to associate with AAA at genomic risk loci
were then sequenced using bisulphite NGS, and methylation patterns were found to differ in
PBMC (48 AAA and 48 controls) and VSMC (24 AAA and 20 controls) DNA. Blood plasma
protein analysis (20 AAA and 20 controls) and RT-qPCR gene expression analysis (24 AAA
and 20 controls) revealed a decrease in circulating IL6R, SERPINB9 gene expression and

SMYD2 gene expression in those with AAA.
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Finally, a linear relationship was observed between SMYD2 promoter methylation and
SMYD2 gene expression, suggesting that hypo-methylation in the SMYD2 gene promoter
could play arole in decreased SMYD2 expression and AAA development. The decreased
pattern of gene expression in those with AAA was further corroborated with the conduct of

histological analysis in abdominal aortic tissues from 3 AAA and 3 controls.

Figure 87 is a flow chart summary of the results from the entire PhD project, and shows

which Chapter the results apply to.

Table 35 is a timeline containing all of the work that was conducted during this PhD, and also

includes each significant milestone which is directly related to the success of the project.
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Figure 87 — Summary flow chart of the results from this PhD project: DNA was isolated from peripheral
blood and aortic tissues of those with AAA and controls. Global DNA hypermethylation was identified in
peripheral blood DNA, and gene specific differential methylation was identified in both sample resources.
Changes in gene and plasma protein expression were identified, and gene functionality was associated with
methylation in SMYD2.The chart displays the main positive findings from each experiment and chapter in which
the results are described.
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Year 1 (2014-2015)

Year 2 (2015-2016)

Year 3 (2016-2017)

Month

FIM|A|M

J

F

M

A

M

D|J

F

M

A

MIJ[|J]|A

Re-design project and academic committee approval

Global methylation and homocysteine analysis

Write and publish first review article

PBMC bisulphite sequencing assay

Write probation report and attend review

Learn command line and bioinformatics

Present work at vascular society conference

5 day advanced bioinformatics course in Cambridge

Present work at SARS conference

3 day bioinformatics course in Leicester

Bioinformatics and statistical analysis of PBMC data

Write and publish second review article

VSMC bisulphite sequencing assay

Departmental seminar 30 minute presentation

Write and publish third review article

Write second year progress report and attend review

Present work at IMAD conference

Bioinformatics and statistical analysis of VSMC data

Functional corroboration of differential methylation

Write PhD results as paper and submit to JAHA

Write thesis

Write postdoc fellowship and job applications

Submit thesis

Address reviewers comments and resubmit paper to
JAHA

Table 35 — Timeline of PhD project: All significant milestones which are directly related to the success of the PhD project, along with month and year in which they were

conducted and completed are displayed.
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7.3. Discussion of value and implications of findings
7.3.1. Global DNA methylation and homocysteine

DNA methylation and histone modifications are the main epigenetic mechanisms
responsible for the regulation of functionally dynamic gene expression pathways of
protein coding genes, and are essential for genome stability 2°°. Changes to normal CpG
methylation patterns in genes, or in the regulatory regions of these genes, can contribute
towards various traits and diseases 1% 103125127 However global methylation in non-
protein coding regions, which comprises the majority of the genome is also functionally
important 2%°. Gene specific DNA methylation patterns are located in euchromatin, whilst
global DNA methylation is more commonly associated with retaining genome stability in
heterochromatic regions, which contain long interspersed repetitive and transposable
elements'*® 21%. The majority of the genome is wound tightly in to the heterochromatic
transcriptionally inactive state, which is also where the majority of methylated DNA is
located. Methylation and histone modifications work in close concert to maintain

epigenetic regulation®®

, and chromatin structure is controlled by histone modifications
such as acetylation and deacetylation enzymes, resulting in the winding and unwinding of

chromatin between the two different states'*®.

The importance of global methylation can be significant in disease, considering that some
cancers are characterised by loss of global methylation which essentially destabilises the
genome and subsequently impacts cell function and proliferation 21213, Although in
contrast to this, and more relevant to this work, global DNA hypermethylation is
commonly a hallmark of chronic inflammation and has been observed as a potential
pathological marker of disease 102 147149, 154,155 "It has previously been shown that an

increase of pro-inflammatory cytokines can result in the up-regulation of DNA
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methyltransferases 214, highlighting one mechanism which could go some way to
explaining the results in Chapter 3 of this thesis (global DNA hypermethylation is
associated with large AAA and increasing AAA size). These results were independent of
smoking, sex, age and ethnicity, highlighting the potential role of aberrant global

methylation patterns in AAA as a result of chronic inflammation.

189 and is a

Homocysteine levels have been previously associated with global methylation
proposed biomarker for cardiovascular disease®®®. It has also been suggested to play a role
in AAA However, the differences seen in homocysteine between patients with AAA
and controls observed in this study were not clinically different (hyperhomocysteinemia
is described above 15 umol/L), and supports the idea that homocysteine is not an
appropriate biomarker for AAA as it is for cardiovascular risk, which is also suggested by
Lindqvist et al.,"2. In this project there was no linear relationship between homocysteine
and global DNA methylation, suggesting that global DNA hypermethylation may be
associated with AAA independently of circulating blood homocysteine in PBMC DNA.
Similarly to other inflammatory diseases, increased global DNA methylation may to be a
factor in the pathobiology of AAA, and represents a hallmark of inflammatory disease.

These results were used as a foundation and rationale for further in depth analysis of the

role of DNA methylation in AAA.

7.3.2. PBMC DNA bisulphite sequencing

Significant levels of DNA hypermethylation were observed in the IL6R gene promoter in
those with AAA compared to controls from PBMC and VSMC DNA (Chapter 4 and 5)
and signified a potentially promising investigation in to the functional effects.

Subsequently, analysis of circulating IL6R from those whose PBMC DNA was
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hypermethylated in the IL6R gene promoter were lower than those without AAA (Chapter

6), which is consistent with previous literature.

Two forms of Interleukin-6 (IL-6) signalling have been described; IL-6 binds the
membrane bound IL6R which is expressed in leukocytes, and IL-6 binds to the
circulating soluble IL6R. It has previously been shown that the expression of IL-6 and
subsequent signalling are greater in AAA than in non-aneurysmal aortic tissue. An
increase in circulating IL6R levels are in turn associated with the rs2228145 sequence
variant which is protective against AAA and CAD® 215218 Essentially, reduced
circulating IL6R is associated with increased inflammation and contributes towards AAA
pathobiology?'®. However, the decreased circulating IL6R identified during this PhD was
not associated with IL6R CpG promoter hypermethylation after linear regression analysis,
suggesting that there may be no direct functional impact of differential methylation in the

IL6R promoter.

Similarly, in VSMC DNA, there was no relationship between expression of the IL6R
gene and IL6R CpG promoter hypermethylation. Although there was no relationship
between IL6R gene function and methylation in PBMC or VSMC DNA, it would still be
worth including IL6R in a large-scale replication experiment due to the clear levels of
observed differential methylation in both cell types, which could turn out to have

alternative functional effects than downstream cis regulation.

After PBMC DNA bisulphite sequencing (Chapter 4), the promoters of SORT1 and LDLR
were considerably and consistently hypermethylated in those with AAA. LDL
metabolism is implicated as an important mediator of AAA development. LDLR
rs6511720 is one of the most important LDL cholesterol variants in studies of lipid

traits*®. Importantly, a relationship between AAA and LDL cholesterol is not presently
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established, even though there are clear implications of LDLR genetic polymorphisms in

AAA, which is also shared with CAD?%.

In line with this, there were no differences between circulating LDL levels in AAA and
controls in this PhD project (Chapter 6). Previous individual reports in LDLR and LDL
lipid profiles are inconsistent in AAA studies®® *> > and it is probable that LDLR
variation has an effect on another biological pathway in AAA development. This concept
was also suggested by Jones et al.,®* who revealed a central role for MMP9 in AAA, and
interactions between ERG, IL6R and LDLR as modifiers of MMP?9. It is therefore

unsurprising that no differences in circulating LDLR or LDL were observed in this PhD.

SORT1 on the other hand, which is another important receptor involved in LDL lipid
profile is independently associated with AAA (rs602633) and has been identified as
differentially expressed in AAA%, SORT1 is actually an eQTL3* ¥, and as such,
expression patterns may be regulated by differential DNA methylation, which is exactly
what was observed in the PBMC DNA of those with AAA during this PhD. Circulating
SORT1 analysis is likely not a valuable measure of SORT1 gene functionality as a result
of differential SORT1 promoter hypermethylation, and because of this it is still viable that
the methylation changes observed in SORTL in this project are functionally active in
AAA pathobiology. However, to assess this concept, further analysis is required where

SORT1 promoter methylation is compared directly to levels of SORT1 gene function.

7.3.3. VSMC DNA bisulphite sequencing

VSMCs are the main constituents of the tunica media, where cellular apoptosis occurs as
a hallmark of AAA during aneurysm development and growth®. After the VSMC DNA
bisulphite sequencing assay (Chapter 5), it was observed that differential methylation was

present in SMYD2, SERPINB9 and ERG, in addition to IL6R which has already been
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discussed. Functional corroboration of these loci was conducted (Chapter 6) and no
differences were seen in gene expression levels between AAA and controls in ERG or

IL6R.

MMP9 undoubtedly plays a major and central role in the development and progression of
AAAE 236,148 and was considered an exciting prospective candidate gene to study in
this PhD. However no methylation changes were observed in AAA at the MMP9 gene
locus in PBMC or VSMC DNA. Although it is very interesting to note that the network
analyses conducted in Jones et al.,® GWAS meta-analysis revealed a central role for
MMP9 in AAA via interaction between ERG, IL6R and LDLR as modifiers of MMP9.
There was a direct interaction with ERG, which similarly to SORT1 is a known eQTL3,
Secondary interactions between MMP9 and both SMYD2 and LDLR were also
demonstrated. These results suggest that these genes could act in concert, either
synergistically or antagonistically, to affect the AAA phenotype. All of these genes
implicated in the possible regulation of, and interaction with MMP9 were differentially
methylated in this PhD project and are therefore valuable targets for further research

relating to the interactions between these genes.

There was a significant decrease in the expression of SERPINBY, but this was not
associated directly with changes in DNA methylation after linear regression analysis was
performed. Critically, when the Ryer et al.,'*® study identified differential methylation in
SERPINB9 in PBMC DNA, they did not conduct such analysis between the differentially
methylated regions in the SERPINB9 gene body and gene expression, but still concluded
that DNA methylation could be related to gene function. The work conducted in my PhD
has identified a similar pattern to the Ryer et al., study, however it cannot be stated that

methylation and expression in SERPINB9 are linked. My work goes some way to deny
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this insinuation, as no such direct relationship was seen. However, regardless of DNA
methylation status, the differential expression of SERPINB9 in AAA could still be
important, as reduced SERPINB9 activity has been previously associated with
atherosclerotic disease progression and is inversely related to the extent of apoptosis

within the intima®®.

Potentially the most important results obtained from this project are that a significant
level of DNA hypo-methylation was seen in the SYMD2 gene in VSMCs
(NC_000001.11:92891814 2892002|lom), which was directly correlated with gene
transcript expression from the same VSMC samples. In addition, the reduced gene
expression of SMYD2 in AAA was further corroborated in aortic tissues using
immunohistochemistry. These results are particularly important when considering the role
of SMYD2 in inflammation and cardio-physiology, as previous studies have identified
that the SMYD2 protein is involved in cardio-protection and suppression of
inflammation. Protein levels of SMYD2 were decreased in cardiomyocytes after cellular
apoptosis and after myocardial infarction. In addition, SMYD?2 deletion in cardiomyocytes
in vivo promoted apoptotic cell death upon myocardial infarction®®. It has also been
reported that SMYD2 is a negative regulator for macrophage activation. Elevated SMYD2
expression suppresses the production of pro-inflammatory cytokines, including IL-6 and
TNF. In addition, macrophages with high SMYD2 expression promote regulatory T cell
differentiation as a result of increased TGF-B production and decreased IL-6 secretion??°.
Overall, previous literature demonstrates that a reduced activity of the SMYD2 gene,
which has been observed in this PhD, is linked with adverse cardio-physiology and an

increase in inflammation, both of which are key hallmarks of AAA pathobiology.
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Looking more closely at the relationship between SMYD2 gene activity and gene
promoter DNA methylation in this project, it is clear that the association is opposite to the
traditional notion that promoter hypermethylation inhibits expression of genes located
directly downstream from these CpG islands. For example, previous studies investigating
the role of DNA methylation in certain traits/diseases have identified and highlighted that
DNA methylation at CpG sites in gene promoters can inhibit the binding of
transcriptional silencer proteins and RNA polymerases essential for transcriptional
activation 221223, Specifically, promoter CpG methylation can be involved in adding
stability to the repression of transcription when it is located at the start sites of
mammalian genes 22*, Methylated CpG dinucleotides are bound by methylated DNA
binding proteins, and the affinity of these proteins for a given promoter influences the

extent to which methylated DNA binding proteins inhibit transcription factor binding 2%°.

However, it is now known that DNA methylation is a much more dynamic process than
traditionally thought. Gene activation and repression are tightly regulated to the correct
cell type and correct developmental stage. These regulations are controlled, as previously
described, by an array of transcription factors, histone modifying enzymes, chromatin

remodelers, and DNA methylation 22

. It is therefore becoming better known that the
commonly accepted paradigm previously discussed is not definitively correct, as multiple
pieces of evidence suggest that methylation at CpG sites can also induce gene
transcription, and the individual functional mechanism of each binding complex is
dependent on the identity of certain transcriptional proteins which form the binding
complex, whether it be an inducer or repressor, which can in turn recruit or inhibit the
action of RNA polymerases respectively. 202227 |t is evident then, that in some cases,

methylation is required for activation of transcription and is therefore positively

correlated with gene expression®?, as opposed to repression. This explanation would be
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more appropriate to the findings in this project, considering that SMYD2 gene expression
was decreased in those with AAA who also had lower levels of gene promoter
methylation. Due to the factors discussed in this section, it must be stated that the exact
mechanisms by which methylation controls gene expression is still not fully understood
and is not always the same. This work therefore requires large scale replication and
subsequent mechanistic functional analysis to determine the role of SMYD2 promoter
methylation on gene function, as the work conducted in this project did not establish

cause and effect.

7.4. Limitations and future work

Limitations and future work which are specific to the experiments conducted during this
PhD project are acknowledged in the conclusion sections of each results Chapter (Chapter
3, 4, 5 and 6). However there are limitations of the project that also apply more broadly

and should be addressed here.

It was stated as a limitation in the conclusion of Chapter 6 that the methylation status of
the SMYD2 gene promoter and its relationship with SMYD2 gene expression did not
address causality, and therefore needs further work before any major conclusions can be
drawn from the results. In addition, it is not possible to conclude whether methylation
changes are inherited and play a role in development of the disease, or whether these
methylation changes occur as a result of the disease process, e.g. they may be induced by
inflammation, oxidative stress, or other factors involved in the pathobiology of AAA.
Moving forward, this could be studied in a range of ways, considering DNA methylation
is very dynamic and can be inhibited, induced or reversed 01103 112,113 ‘gpecifically, in

vitro or in vivo assays could be set up where SMYD2 promoter methylation is
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manipulated and the effects on gene expression are directly measured. This work could be

based around techniques which are already developed.

Pathogenic regions that are hyper or hypo-methylated can be selectively targeted in the
same way epigenetic therapies have been found to be effective in the treatment of
cancer!® 103.176 "1t was observed that a methyl supplementation donor (SAM) inhibits
cancer associated skeletal metastasis by suppressing gene transcription of its selected
target by inducing DNA hypermethylation 176, Methylation can also be reversed with the
use of 5-aza-2'-deoxycytidine, which in one study mitigated atherosclerosis in knockout
mice deficient in the LDLR gene’®. 5-aza-2'-deoxycytidine is a de-methylating compound
and useful in the application of increasing the expression of down-regulated genes. In
relation to the work in this thesis, SAM or 5-aza-2’-deoxycitidine can be used as
methylation moderators in cells to establish the causal role of methylation on gene
function and disease. The CRISPR/Cas9 genome editing system has been repurposed for
targeted de/remethylation which enables direct study of functional relevance of precise
epigenetic modifications and gene regulation 2?°. By deactivating the nuclease activity of
the normal CRISPR/Cas9 delivery system, epigenetic machinery such as DNA
methyltransferases, SAM, demethylases and 5-aza-2’-deoxycitidine can be used to induce
or reverse CpG site specific epigenetic modifications, enabling the most advanced

functional epigenetic studies to be conducted.

The relatively limited amount of genomic coverage that using a targeted candidate gene
approach provides compared to the use of other techniques that cover the whole genome
(whole genome bisulphite sequencing, human 450k microarray and methylated
immunoprecipitation) is another limitation. Although whole genome bisulphite NGS is

regarded the best available methodology for methylation analysis, it is also generally
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expensive to yield an acceptable sample size, and was beyond the scope of this PhD. This
is why a targeted approach was adopted for this project, but future work with a larger
research budget should concentrate on identifying whole genome methylation and
transcriptome data in a case-control cohort. This will enable the elucidation of the
complex interactions of methylation and gene regulation, which is especially important
because methylation differences were observed in this project, but were not related to
expression of the same gene. It is possible that these methylation differences are still
functionally significant, given that differential methylation patterns may have functional
impact in other areas of the transcriptome. Reduced representation bisulphite sequencing
(RRBS) would be a particularly good way in which to address this issue, where
restriction enzymes are used to cut DNA at CG rich areas®, allowing the isolation of the
~1% of the genome which is comprised of CpGs. By subsequently performing
multiplexed bisulphite sequencing on an Illumina Hi-seq platform, the full CpG

methylomes of multiple samples could then be established simultaneously.

The work conducted during this PhD was performed on samples selected from either the
UKAGS (PBMCs), or from the local vascular surgery AAA research programme based at
the NIHR Leicester Biomedical Research Centre (VSMCs). Considering these resources
have not been used historically in previous large scale GWASSs, there was no genomic
data available for the conduct of meQTL analysis in this project, and it would have be too
large of a task to genotype each sample considering the limited timeframe of the project.
This is a significant limitation with respect to determining the potential causal role of
genetic variation in AAA on levels of DNA methylation in the genes targeted in this PhD.
Therefore replication of the positive results demonstrated during this project should be

conducted on a mass scale in samples which have full GWAS datasets. Statistical

241



Chapter 7: Discussion

approaches, such as Mendelian Randomisation can then determine the relationship

between polymorphisms associated with AAA and differential methylation.

Another limitation of the work presented in this thesis is the lack of a positive control
group for atherosclerotic disease. Atherosclerosis represents an important risk factor for
AAA, and studies have shown that co-morbidity of CAD and AAA is between around
25% and 55%* %°, However there is recent epidemiological, clinical, and biological
evidence that suggests that the two pathologies are more distinct than traditionally
thought. For instance diabetes mellitus, hypercholesterolemia, and obesity are high risk
for atherosclerosis development but are not as pronounced in AAA, whereas smoking,
sex, and ethnicity are particularly high risk for AAA but less so for atherosclerosis?®.. In
addition, genetic and epigenetic studies have identified independent risk loci involved in
AAA susceptibility that are not associated with other cardiovascular diseases® 102143, 231,
A review article was produced during this PhD illustrating these concepts?3L. Further
investigation is therefore required to address the extent to which the genetic and
epigenetic basis of AAA and atherosclerosis is shared. It would be advantageous to
include CAD control groups (which act as positive controls for cardiovascular disease) in

future AAA research to decipher exactly whether positive results are unique to AAA.

Finally, linking all of the points raised previously, large scale analysis of the role of DNA
methylation in AAA should be conducted to address the limitations in the current work.
Significant increases in sample size will increase power and confidence of observed
associations and should be conducted preferably using unbiased RRBS on all available
samples in the Leicester cohort from previous GWASs. The assay should also include an
atherosclerotic control group with available GWAS data, and where any positive

associations are made between genetic variation and/or DNA methylation and the
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presence of AAA and/or CAD, direct functional and mechanistic analysis should be
conducted using direct mRNA gene expression, immunohistochemistry tissue protein
expression, and luciferase gene promoter reporter assays. The conduct of such a study
will reveal real significant insight in to the epigenetic basis and general aetiology of AAA

and CAD.
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Appendix | — Reference sequence for PBMC NGS bioinformatics

>LRP1

GGGTACTAAGGTGGGCTCCATCCCCGAGCCCCACGCGGGCGGACAAGCTCCGGLGTG
TCCCCTCGGGTGTCCCTGTTTACTCCGAGCCCGGGAGCGAGGTGGGGGCGGGTCCTC
GCGGTCCCTCCCCAACCCCGCCCCCTCCTTCGCAGGCCCCAATCCCAGTCCGGTCTTC
CAAAGTCTCCAAATCAAAGCTCAGCCTTTCCCTGCACCTTCCCCGCGGACTGGCGGTC
CCTGTCCCCACCCCGGGCAGAGGAGGCACCTTCAGGGTTCCCCTAGAAAATCGAGCC
TCGGCCCAGACCACTGAGTCCCGGACGCCCCCGGAGGGAGCCTGAAATCCTAGAGTA
TGACACTGAGTTTCAAAGGGGAGCCGCTCAGCTCTCCGCCCACTGCCCAATCCCACC
CTCGACCCCTTCTGCTCTCTGGAGCACCAGGGAGGAGGGCCCAGCCAGGGGAGAGG
GCGCCCCAGGCCCCAAACTAGCCAGCGAGTCCCCGGGACCCTCACTCTTGGACCGCT
TTCCAGAACTCCGAACCCTGTCGCGGGTCCGCGTCGCCCTCCCCCGGGCAGCGCGTC
AAATCGGCGCATGCGCACTCACTGGATTGCCGCGTAGCTCTTTCTCCCCCCACCCACC
AACCTTTTTTCTTTCCCCGCCCCTTCCCTCCCTCCCTCCTCAACCCGTCCCCTCCCTCTC
CCCCATCAGCCCCCCCCTCGGCACTTCAGTCCGGGGAACAGCGGTGCGAGCTCCAGG
CCCATGCACTGAGGAGG

>ERG

GTCATCACAGAGAGCCTCTTTCCCCTGGAACCTGTGCTCACTGGAGTTTTCCTTCCTC
TCCTGACCTCATTAGGCAGTGGCCAGATCCAGCTTTGGCAGTTCCTCCTGGAGCTCCT
GTCGGACAGCTCCAACTCCAGCTGCATCACCTGGGAAGGCACCAACGGGGAGTTCAA
GATGACGGATCCCGACGAGGTGGCCCGGCGCTGGGGAGAGCGGAAGAGCAAACCCA
ACATGAACTACGATAAGCTCAGCCGCGCCCTCCGTTACTACTATGACAAGAACATCA
TGACCAAGGTCCATGGGAAGCGCTACGCCTACAAGTTCGACTTCCACGGGATCGCCC
AGGCCCTCCAGCCCCACCCCCCGGAGTCATCTCTGTACAAGTACCCCTCAGACCTCCC
GTACATGGGCTCCTATCACGCCCACCCACAGAAGATGAACTTTGTGGCGCCCCACCC
TCCAGCCCTCCCCGTGACATCTTCCAGTTTTTTTGCTGCCCCAAACCCATACTGGAAT
TCACCAACTGGGGGTATATACCCCAACACTAGGCTCCCCACCAGCCATATGCCTTCTC
ATCTGGGCACTTACTACTAAAGACCTGGCGGAGGCTTTTCCCATCAGCGTGCATTCAC
CAGCCCATCGCCACAAACTCTATCGGAGAACATGAATCAAAAGTGCCTCAAGAGGA
ATGAAAAAAGCTTTACTGGGGCTGGGGAAGGAAGCCGGGGAAGAGATCCAAAGACT
CTTGGGAGGGAGTTACTGAAGTCTTACTACAGAAATGAGGAGGATGCTAAAAATGTC
ACGAATATGGACATATCATCTGTGGACTGACCTTGTAAAAGACAGTGTATGTAGAAG
CATGAAGTCTTAAGGACAAAGTGCCAAAGAAAGTGG
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>MMP-9

GGCCTCCCAAAGTGCTAAGATTACAGGAATGAGCCACCATACCTGGCCCTGAATCTT
GGGTCTTGGCCTTAGTAATTAAAACCAATCACCACCATCCGTTGCGGACTTACAACCT
ACAGTGTTCTAAACATTTTATATGTTTGATCTCATTTAATCCTCACATCAATTTAGGG
ACAAAGAGCCCCCCACCCCCCGTTTTTTTTTTTACAGCTGAGGAAACACTTCAAAGTG
GTAAGACATTTGCCCGAGGTCCTGAAGGAAGAGAGTAAAGCCATGTCTGCTGTTTTC
TAGAGGCTGCTACTGTCCCCTTTACTGCCCTGAAGATTCAGCCTGCGGAAGACAGGG
GGTTGCCCCAGTGGAATTCCCCAGCCTTGCCTAGCAGAGCCCATTCCTTCCGCCCCCA
GATGAAGCAGGGAGAGGAAGCTGAGTCAAAGAAGGCTGTCAGGGAGGGAAAAAGA
GGACAGAGCCTGGAGTGTGGGGAGGGGTTTGGGGAGGATATCTGACCTGGGAGGGG
GTGTTGCAAAAGGCCAAGGATGGGCCAGGGGGATCATTAGTTTCAGAAAGAAGTCT
CAGGGAGTCTTCCATCACTTTCCCTTGGCTGACCACTGGAGGCTTTCAGACCAAGGG
ATGGGGGATCCCTCCAGCTTCATCCCCCTCCCTCCCTTTCATACAGTTCCCACAAGCT
CTGCAGTTTGCAAAACCCTACCCCTCCCCTGAGGGCCTGCGGTTTCCTGCGGGTCTGG
GGTCTTGCCTGACTTGGCAGTGGAGACTGCGGGCAGTGGAGAGAGGAGGAGGTGGT
GTAAGCCCTTTCTCATGCTGGTGCTGCCACACACACACACACACACACACACACACA
CACACACACACACACACCCTGACCCCTGAGTCAGCACTTGCCTGTCAAGGAGGGGTG
GGGTCACAGGAGCGCCTCCTTAAAGCCCCCACAACAGCAGCTGCAGTCAGACACCTC
TGCCCTCACCATGAGCCTCTGGCAGCCCCTGGTCCTGGTGCTCCTGGTGC

>CDKN2B

AAGTATAATTTTTTTTTGTCTTATGTGTGCCAGGTTGCCACTCTCAATCTCGAACTAGT
TTTTTTCTCTTTTAAGGGTTGTATCCATAATGCAAAAATGGAAAGAATTAAAAAGCAC
ACGCAAAACATGATTCTCGGGATTTTTCTCTATTTTTATGGTTGACTAATTCAAACAG
AAAGACACATCCAAGAGAAAATTGCTAAGTTTGATACAAGTTATGAAACTTGTGAAG
CCCAAGTACTGCCTGGGGATGAATTTAACTTGTATGACAGGTGCAGAGCTGTCGCTT
TCAGACATCTTAAGAAACACGGAGTTATTTTGAATGACTTTCTCTCGGTCACAAGGG
AGCCACCAACGTCTCCACAGTGAAACCAACTGGCTGGCTGAAGGAACAGAAATCCTC
TGCTCCGCCTACTGGGGATTAGGAGCTGAGGGCAGTGGTGAACATTCCCAAAATATT
AGCCTTGGCTTTACTGGACATCCAGCGAGCAGTGCAGCCAGCATTCCTGGCGGCTCC
CTGGCCCAGTCTCTGGCGCATGCGTCCTAGCATCTTTGGGCAGGCTTCCCCGCCCTCG
TGACGCGTCGGCCCGGGCCTGGCCTCCCGGCGATCACAGCGGACAGGGGGCGGAGC
CTAAGGGGGTGGGGAGACGCCGGCCCCTTGGCCCAGCTGAAAACGGAATTCTTTGCC
GGCTGGCTCCCCACTCTGCCAGAGCGAGGCGGGGCAGTGAGGACTCCGCGACGLCGTC
CGCACCCTGCGGCCAGAGCGGCTTTGAGCTCGGCTGCGTCCGCGCTAGGCGCTTTTTC
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CCAGAAGCAATCCAGGCGCGCCCGCTGGTTCTTGAGCGCCAGGAAAAGCCCGGAGC
TAACGACCGGCCGCTCGGCCACTGCACGGGGCCCCAAGCCGCAGAAGGACGACGGG
AGGGTAATGAAGCTGAGCCCAGGTCTCCTAGGAAGGAGAGAGTG

>LDLR

CTGTTTGTTCAACTCCTTCTCCTAAGGGGAGAAATCAATATTTACGTCCAGACTCCAG
GTATCCGTACAATTGATTTTTCAGATGTTTATACTCAGCCAAAGGCGGGATCCCACAA
AACAAAAAATATTTTTTTGGCTGTACTTTTGTGAAGATTTTATTTAAATTCCTGATTGA
TCAGTGTCTATTAGGTGATTTGGAATAACAATGTAAAAACAATATACAACGAAAGGA
AGCTAAAAATCTATACACAATTCCTAGAAAGGAAAAGGCAAATATAGAAAGTGGCG
GAAGTTCCCAACATTTTTAGTGTTTTCCTTTTGAGGCAGAGAGGACAATGGCATTAGG
CTATTGGAGGATCTTGAAAGGCTGTTGTTATCCTTCTGTGGACAACAACAGCAAAAT
GTTAACAGTTAAACATCGAGAAATTTCAGGAGGATCTTTCAGAAGATGCGTTTCCAA
TTTTGAGGGGGCGTCAGCTCTTCACCGGAGACCCAAATACAACAAATCAAGTCGCCT
GCCCTGGCGACACTTTCGAAGGACTGGAGTGGGAATCAGAGCTTCACGGGTTAAAAA
GCCGATGTCACATCGGCCGTTCGAAACTCCTCCTCTTGCAGTGAGGTGAAGACATTT
GAAAATCACCCCACTGCAAACTCCTCCCCCTGCTAGAAACCTCACATTGAAATGCTG
TAAATGACGTGGGCCCCAGTGCAATCGCGGGAAGCCAGGGTTTCCAGCTAGGACAC
AGCAGGTCGTGATCCGGGTCGGGACACTGCCTGGCAGAGGCTGCGAGCATGGGGLC
CTGGGGCTGGAAATTGCGCTGGACCGTCGCCTTGCTCCTCGCCGCGGCGGGGACTGC
AGGTAAGGCTTGCTCCAGGCGCCAGAATAGGTTGAGAGGGAGCCLCCCGGGGGGLLC
TTGGGAATTTATTTTTTTGGGTACAAATAATCACTCCATCCCTGGGAGACTTGTGGGG
TAATGGCA

>GDF7

GGGTTCCTGCCCTGTACTGTGTTCCCATGGCAACCTGAGCTTACTACCCGCTGCTGGC
ATCACCCCCTCTCCGCTGCAGCCCCCTGCAGGGCGAGCTTGTCTGATTCGCCTCTGTC
CCCAGTGCCCAGCACCGGGCCTGGGACTCAGGGAGCTCTGAAAGGATGGGGAACTA
GATTTTCGGGCTCAAAAGAGAAGAACCCAAGGCGGTAGGAAAGGAGAGCAGAGTCC
CCACTGCGCCCGCCTGCACTGAACCAGTCAGTCCCAGGGCTCCCGCTGTCCTTGGCTA
GTTCTCTACCCTCCAGAGGGCCTCGGTTTCCTCATCTGTAAATCGGGGTCGCCACCTC
TCCTGCAGGGCGGTGCAGGGGCCCAGCCCGGATAAGCCACCGAGGGCGCTGGGGAG
ACCTGCACCAGGTCCCTGGCCTAGGAGGCGGCGGCCTCCCCCLCGCCTCTCLCGLCCLGG
GCGCCCCGGACTGCGAGCTGTGCGGTGTGGGGCGCGGGGGTCTGGCTCACCTGGAGG
TGACGAGCACCGCCGGGGACTGCATGACGGCGGCGGGGACTCCGGGLCGGGGLGLGL

AGTCACGGGACCCGGCAGTGCCCGCGTCACCGCGTCCCCGCCCTGCCTCCCGCTGCC
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CTGGCCTGCCCCCTGGTGGCAGCGGCCGCGCAGTTCGCGCCTGTGGCCAGAGGCGGG
GCGGAAGCGCGGCTGGGCGGGTCCCGCACGGTCGCCGTCGGCCTGCGCTGCTCGGAG
CTTCCGGAGCACCCAGGCTGAGCCGCGCCCGCCGCAACCACCTAGAAGAAGCCCAG
CCTGGCCCTGGCACA

>SPAG17

TATTTTAGATATTGATGAGTGCAGGGTGGGAAAAAAGGGGAAAAAAAAGTCTACTT
ACCAATCAATAAAAGGCAGTTTAAAGGACTGGAGCTGTTTGGGCAGATAAGTACATT
AATCCCACCTACAGTTAGATAAGGGGTCACGTGGAAGGGTGATTGGACTTGTTTAGT
AAGGCCCCAGAGGCGGAGGCTGAAACAGTGCAGAGGGTAGAGGTCAAGGAGAGAC
AAATTTGGATTCATATAAGGAAGCATTTGGGGCAGATTAGAGCGGTTGGGAAAAAA
CGGCATGGGCTGCCTCCTGAAGGGGTCAGTATTCCAATCTTGGTTACTCAGGATCGG
AAGAAATCTTGATGGAGGAGTCCTGGATGGGATTCCAGAGATTTTGAGTTTCTAGAC
AACGCCTCAGACCGTAGAAGAACGTAGCCCGACCTGCGAGGCCAGCCTCGTCCTGCC
CTCCTCCAGTTGTGCAGCTTTCCTGCTGAAAAGTCCTAAAATTTGACCGGGGGACTGG
GAACCCCGCCCCCAAGCTGCCGCGCGCTCTGAAACTCCGTTGCTGTGGAGACGGAGG
CGGTTGACCCAAGGATTCCGAACGGTGTTGGGGGAGGGGAGCCGACGTGGTTCAGG
AACTGGGCGTGGCTTCGGTTACTGTGGTAGCGGGGACGCTTAGGCAGGGCCTGLCGCC
CAGTTTAGAGGCCAATGCTTCTCCCGTCCTTTGCATGGCACCCAAGAAGGAGAAAGG
AGGAACTGTGAACA

>IL6R

TTCTTCTTGCCCAGGCTGGAGTGCAGTGGTGCCATCTCGGTTCACTGCAACCTCCGCC
TCCTGGGTTCAAGTGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACCGGTAC
GCACCACCATGCCCGGCTAATTTTTGTATTTTTAGTAGAGATGTGGTTTTACCATGTT
GGTCAGGCTGGTCTCGAACTCCTGACCTCATGATCTGCCCACCTTGGCCTCCCAAAGT
GCTGGAATTACAGGTGTGAGGCACCACGTCCGGCCTGGCCAGGATTAAATTTTTTCA
TGTGAACCACAACACTAAAACTTTGTATATTGCTGCGCTTATCTTACAAATCAGGAA
ATAGGGGTTCAGAGAAGTTAAATAGCTTGCTTAAGTCACACAGCCAGCAAGTGGTAA
AGCTGGGATCTGCATGACTACAGAGCACACAGGCTCCCCACCAGTAGATTAGAGAG
GGGGAGGTCTGCTTTGGTGCAGAGACAGGTGGGATCTGTGATGCCCGTTCTTGGTTT
CAACATTCTTTTAAACTCTCCTATCTGAGCCTAGGACTTTCTGCAGCCTTCCTGTTTTA
GGCTGGCAGCTCACAGTCCCTCTCTGGTTATTTTCAGGTCTGTGTGTGCCACAGAGAG
GAAGGGGGCAACCACAGTGGGAACCGCTTTCCAGCCCTGCTGCAACCCCTTTTGAAA
TAGCAGGCGAGAGGGCTGGTGGCCTCCACTGTGCTCTTCTGTTCCTGTCTGTGGGCAT

GGCTAAAGCAAACAAGCTCACCCACACCAGCTCCCATCGTGCGGTGGATCAGTGCAT
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GTGCTTGGTTCTGTCTGGCACTGCTGATGGGTGGTTCCTACAGAAAGATCCAGATGC
ACGGGGTCTGAGGACTGTTTCAGAAGCTCTGTCCGTCCATGCCTGGCCCTGTCCACTT
GGGAGTTCCATTAGGCCATGCCTGTTCCA

>SORT1

GTATGGAAAGACTATTCTTCAGGCTTGCAGGAGTCACGGATGTCCTGATGTCTGTCTC
CGTAGGATGTGGCCCACATCAGTTCGCATTCACCTTCTTGCAGCAAGGCAGCTGCTTA
GCAGACAATGGGCGCTCCAGTGAGCGGGGTTTATAAAAACCCGAAGCCCCGGTTCAT
GATGGAGCCCCCTTTTCCAGCTGAGCAAGCTCAGGGATTTCCTGGGTAGGTTTTTCCA
GGCTCTGCCTCACCGAAGGAATTTTAGGAGTGTCTCTGGGGAACAGGAGGGACGTAA
CCCAGCCCCAACTTGAGGGCGCTAGAGGTGCGGCAAGGGGTCGCGACGCCAGGAGC
CCGGGGCTCGGCGGGAAGGTATGAGAAGCTCCTACGTGAACTCCACAAGCCGGGCC
CGGGAGACGCCGGGCGAGGCGGGGTTGACCTCAGCAGTCTCTGCCCCGTTCCAGCCA
ATCAGTCCCGCATCTTAGCATCCGAATCCAGGACCCCCGAAGCCGGAGGCGACGCGA
GCCAATGAGGAGTGGGCCGGGGAAGAGGGACAGGCGGCCAGC
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Appendix Il — Reference sequence for VSMC NGS bioinformatics

>LRP1

GCCCAGAAGGGGGCAGTGACCAAAAGCACGTTCACTGGCCCCTGGGAACCGCCTGG
CGCCTGCCTTCTGCAAAGTATCATTCCCGTGTGGGCTGAGCCTGGGGACAAAGGTCC
GGCGCTCAGCAGACACCTCCTTGGAACCCGAGGCCTGGAAACGAAGGTCCAGAGTC
CCTCATCTTATTCCAAATCCTGGCGCTCGGAATCTAAAACCCTAACTTGATGGCAAGC
CAGTCAGAAGGTATTAAAAAAAAAAAAAAAAAAAAAAACAGAAAAATAAATGAGC
CCCGACTTCTTGGGCGAAAGGGGGTGGCCTTTCCTCAACCCCACCCGCTGGTGACTC
ACCTCCCTCCAAACCAGGGCCTGCCCCTCCCGCGCCTAGGGCTGGGCGAGCAGGGCG
GGCGGGTACTAAGGTGGGCTCCATCCCCGAGCCCCACGCGGGCGGACAAGCTCCGG
CGTGTCCCCTCGGGTGTCCCTGTTTACTCCGAGCCCGGGAGCGAGGTGGGGGCGGGT
CCTCGCGGTCCCTCCCCAACCCCGCCCCCTCCTTCGCAGGCCCCAATCCCAGTCCGGT
CTTCCAAAGTCTCCAAATCAAAGCTCAGCCTTTCCCTGCACCTTCCCCGCGGACTGGC
GGTCCCTGTCCCCACCCCGGGCAGAGGAGGCACCTTCAGGGTTCCCCTAGAAAATCG
AGCCTCGGCCCAGACCACTGAGTCCCGGACGCCCCCGGAGGGAGCCTGAAATCCTAG
AGTATGACACTGAGTTTCAAAGGGGAGCCGCTCAGCTCTCCGCCCACTGCCCAATCC
CACCCTCGACCCCTTCTGCTCTCTGGAGCACCAGGGAGGAGGGCCCAGCCAGGGGAG
AGGGCGCCCCAGGCCCCAAACTAGCCAGCGAGTCCCCGGGACCCTCACTCTTGGACC
GCTTTCCAGAACTCCGAACCCTGTCGCGGGTCCGCGTCGCCCTCCCCCGGGCAGCGC
GTCAAATCGGCGCATGCGCACTCACTGGATTGCCGCGTAGCTCTTTCTCCCCCCACCC
ACCAACCTTTTTTCTTTCCCCGCCCCTTCCCTCCCTCCCTCCTCAACCCGTCCCCTCCC
TCTCCCCCATCAGCCCCCCCCTCGGCACTTCAGTCCGGGGAACAGCGGTGCGAGCTC
CAGGCCCATGCACTGAGGAGG

>ERG1

GTCATCACAGAGAGCCTCTTTCCCCTGGAACCTGTGCTCACTGGAGTTTTCCTTCCTC
TCCTGACCTCATTAGGCAGTGGCCAGATCCAGCTTTGGCAGTTCCTCCTGGAGCTCCT
GTCGGACAGCTCCAACTCCAGCTGCATCACCTGGGAAGGCACCAACGGGGAGTTCAA
GATGACGGATCCCGACGAGGTGGCCCGGCGCTGGGGAGAGCGGAAGAGCAAACCCA
ACATGAACTACGATAAGCTCAGCCGCGCCCTCCGTTACTACTATGACAAGAACATCA
TGACCAAGGTCCATGGGAAGCGCTACGCCTACAAGTTCGACTTCCACGGGATCGCCC
AGGCCCTCCAGCCCCACCCCCCGGAGTCATCTCTGTACAAGTACCCCTCAGACCTCCC
GTACATGGGCTCCTATCACGCCCACCCACAGAAGATGAACTTTGTGGCGCCCCACCC
TCCAGCCCTCCCCGTGACATCTTCCAGTTTTTTTGCTGCCCCAAACCCATACTGGAAT

249



Appendix 11

TCACCAACTGGGGGTATATACCCCAACACTAGGCTCCCCACCAGCCATATGCCTTCTC
ATCTGGGCACTTACTACTAAAGACCTGGCGGAGGCTTTTCCCATCAGCGTGCATTCAC
CAGCCCATCGCCACAAACTCTATCGGAGAACATGAATCAAAAGTGCCTCAAGAGGA
ATGAAAAAAGCTTTACTGGGGCTGGGGAAGGAAGCCGGGGAAGAGATCCAAAGACT
CTTGGGAGGGAGTTACTGAAGTCTTACTACAGAAATGAGGAGGATGCTAAAAATGTC
ACGAATATGGACATATCATCTGTGGACTGACCTTGTAAAAGACAGTGTATGTAGAAG
CATGAAGTCTTAAGGACAAAGTGCCAAAGAAAGTGG

>ERG2

AAAACTTCTGGAAGGGGCTTAGCCCCGAGCCCCGGAGGCGGACAAGCTGAGCCTCCT
GGCTGCACCCTTTGGAGGCTGCTGGTTGCAGACGCCGTCGTCTCCCAAGGGCGGCTG
TCACCGCGTGCGTCGGTCAGACCAGGCCGCGGTGCCCTCGGCATCCCCGCGTCCCGG
CGGCTGTATCCGGCTCCTCCCCACGACCGAGGTCCCGGGCACCGCGCCTCTCCCTCCG
GACGCTCTGCGCGACGTCGTCCCAGTTCTCATCAGCATCGAGGGCAGTCCGCGGTCA
TTTTATAAACGTCTTAGTGTCGCAACCGTTTTCACTTTTACTATTTTCAATGTTTGCAA
CGGTTTTCAATGAGGCTGGAAAAATATCACTTCT

>MMP-9

ATAATCATGGCTCACTGTATCCTTGACCTTCTTTCTGGGCTCAAGCAATCCTCCCACC
TCGGCCTCCCAAAGTGCTAAGATTACAGGAATGAGCCACCATACCTGGCCCTGAATC
TTGGGTCTTGGCCTTAGTAATTAAAACCAATCACCACCATCCGTTGCGGACTTACAAC
CTACAGTGTTCTAAACATTTTATATGTTTGATCTCATTTAATCCTCACATCAATTTAGG
GACAAAGAGCCCCCCACCCCCCGTTTTTTTTTTTACAGCTGAGGAAACACTTCAAAGT
GGTAAGACATTTGCCCGAGGTCCTGAAGGAAGAGAGTAAAGCCATGTCTGCTGTTTT
CTAGAGGCTGCTACTGTCCCCTTTACTGCCCTGAAGATTCAGCCTGCGGAAGACAGG
GGGTTGCCCCAGTGGAATTCCCCAGCCTTGCCTAGCAGAGCCCATTCCTTCCGCCCCC
AGATGAAGCAGGGAGAGGAAGCTGAGTCAAAGAAGGCTGTCAGGGAGGGAAAAAG
AGGACAGAGCCTGGAGTGTGGGGAGGGGTTTGGGGAGGATATCTGACCTGGGAGGG
GGTGTTGCAAAAGGCCAAGGATGGGCCAGGGGGATCATTAGTTTCAGAAAGAAGTC
TCAGGGAGTCTTCCATCACTTTCCCTTGGCTGACCACTGGAGGCTTTCAGACCAAGGG
ATGGGGGATCCCTCCAGCTTCATCCCCCTCCCTCCCTTTCATACAGTTCCCACAAGCT
CTGCAGTTTGCAAAACCCTACCCCTCCCCTGAGGGCCTGCGGTTTCCTGCGGGTCTGG
GGTCTTGCCTGACTTGGCAGTGGAGACTGCGGGCAGTGGAGAGAGGAGGAGGTGGT
GTAAGCCCTTTCTCATGCTGGTGCTGCCACACACACACACACACACACACACACACA
CACACACACACACACACCCTGACCCCTGAGTCAGCACTTGCCTGTCAAGGAGGGGTG

GGGTCACAGGAGCGCCTCCTTAAAGCCCCCACAACAGCAGCTGCAGTCAGACACCTC
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TGCCCTCACCATGAGCCTCTGGCAGCCCCTGGTCCTGGTGCTCCTGGTGCTGGGCTGC
TGCTTTGCTGCCCCCAGACAGCGCCAGTCCACCCTTGTGCTCTTCCCTGGAGACCTGA
GAACCAATCTCACCGACAGGCAGCTGGCAGAGGTGGGCAAACACCTAGTCTAGAGT
TGGGGAGGGCTGTCCGTGAGGGTGTTGAGTGTCCCAGAGAGGATGCAGGGCCTCAG
AGGAGATGCTTTAGGGGTGTGTTGGTGGTGATGGGCGTATCTGAAGAACAGAGGTGT
CCAGGGTTAGGCAGTGGGGGGTCTTGTGGAGGCTTTGAGCAGTGATGGCCAGAAATG
GGCAATGGGGCTTTCCTAGGTGGGAAATGGGAAATGGTTTGGGGTGGGGGAGGCAT
TGGAGGGTTCTGGGGTAAGCATAGGCTGGGAGTGAACAGGGGCAAACCTTATGCAG
CTGTGGGGTAGAAATGGGCTAGAGGCATCCAGGGGTGAGAAGGAGCTGAGGATGTC
TAAGGAGGGGAGATCCCTGGGTGGTCAGAAAGCACTGGTGTCTGGAAAGCATTTAAT
GCTTTATTAAATGTTAGTCCCTGC

>LDLR

CTGTTTGTTCAACTCCTTCTCCTAAGGGGAGAAATCAATATTTACGTCCAGACTCCAG
GTATCCGTACAATTGATTTTTCAGATGTTTATACTCAGCCAAAGGCGGGATCCCACAA
AACAAAAAATATTTTTTTGGCTGTACTTTTGTGAAGATTTTATTTAAATTCCTGATTGA
TCAGTGTCTATTAGGTGATTTGGAATAACAATGTAAAAACAATATACAACGAAAGGA
AGCTAAAAATCTATACACAATTCCTAGAAAGGAAAAGGCAAATATAGAAAGTGGCG
GAAGTTCCCAACATTTTTAGTGTTTTCCTTTTGAGGCAGAGAGGACAATGGCATTAGG
CTATTGGAGGATCTTGAAAGGCTGTTGTTATCCTTCTGTGGACAACAACAGCAAAAT
GTTAACAGTTAAACATCGAGAAATTTCAGGAGGATCTTTCAGAAGATGCGTTTCCAA
TTTTGAGGGGGCGTCAGCTCTTCACCGGAGACCCAAATACAACAAATCAAGTCGCCT
GCCCTGGCGACACTTTCGAAGGACTGGAGTGGGAATCAGAGCTTCACGGGTTAAAAA
GCCGATGTCACATCGGCCGTTCGAAACTCCTCCTCTTGCAGTGAGGTGAAGACATTT
GAAAATCACCCCACTGCAAACTCCTCCCCCTGCTAGAAACCTCACATTGAAATGCTG
TAAATGACGTGGGCCCCAGTGCAATCGCGGGAAGCCAGGGTTTCCAGCTAGGACAC
AGCAGGTCGTGATCCGGGTCGGGACACTGCCTGGCAGAGGCTGCGAGCATGGGGCC
CTGGGGCTGGAAATTGCGCTGGACCGTCGCCTTGCTCCTCGCCGCGGCGGGGACTGC
AGGTAAGGCTTGCTCCAGGCGCCAGAATAGGTTGAGAGGGAGCCCCLCGGGGGGLLC
TTGGGAATTTATTTTTTTGGGTACAAATAATCACTCCATCCCTGGGAGACTTGTGGGG
TAATGGCACGGGGTCCTTCCCAAACGGCTGGAGGGGGCGCTGGAGGGGGGCGCTGA
GGGGAGCGCGAGGGTCGGGAGGAGTCTGAGGGATTTAAGGGAAACGGGGCACCGCT
GTCCCCCAAGTCTCCACAGGGTGAGGGACCGCATCTTCTTTGAGACGGAGTCTAGCT
CTGTCGCCCAGGATGGAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCGCCTC
CCGGGTTTAAGCGAGTCTCCTCTCTCAGCCTCCCGAATAGCTGGGATTACAGGCGCC
CAACCACCACGCCCGCCTAATTTTTGTATTTTTAGTAGAGACGGGTTTTCACCATTTT
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GGCCAGGCTGGTCTCGAACCCCGACCTCAGGTGATCTGCCCAAAAGTGCTGGGATTA
CAGGCGTCAGCCACCGCGCCCGGCCGGGACCCTCTCTTCTAACTCGGAGCTGGGTGT
GGGGACCTCCAGTCCTAAAACAAGGGATCACTCCCACCCCCGCCTTAAGTCCTTCTG
GGGGCGAGGGCGACTGGAGACCCGGATGTCCAGCCTGGAGGTCACCGCGGGCTCAG
GGGTCCCGATCCGCTTTGCGCGACCCCAGGGCGCCACTGCCATCCTGAGTTGGGTGC
AGTCCCGGGATTCCGCCGCGTGCTCCGGGACGGGGGCCACCCCCTCCLCGLCLCCCTGLC
CCCGCCCCTTTGGCCCGCCCCCCGAATTCCATTGGGTGTAGTCCAACAGGCCACCCTC
GAGCCACTCCCCTTGTCCAATGTGAGGCGGTGGAGGCGGAGGCGGGCGTCGGGAGG
ACGGGGCTTGTGTACGAGCGGGGCGGGGCTGGCGCGGAAGTCTGAGCCTCACCTTGT
CCGGGGCGAGGCGGATGCAGGGGAGGCCTGGCGTTCCTCCGCGGTTCCTGTCACAAA
GGCGACGACAAGTCCCGGGTCCCCGGAGCCGCCTCCGCGACATACACGAGTCGCCCT
CCGTTATCCTGGGCCCTCCTGGCGAAGTCCCCGGTTTCCGCTGTGCTCTGTGGCGACA
CCTCCGTCCCCACCTTGTCCTGGGGGGCGCCCTCGCCCCACCAGCCCCGATCAAGTTC
ACAGAGGGGCCCCCGGCCACCCTCAAGGCCTCGGTTCCTTACGAGGTTGAAACGTTG
CCTCAGAATCTCCCCGCCCCTCCTTGGTCTGCAGCCGAGATCTTCAGCCACGGTGGGG
CAGCTATCCCCCGGGACCGACCCCCTGGGGTGGCCTCGCTTCTTCAGAGGCTGTGAA
TGGCTTCGGTTCAGCTGTCCAAGCGGCGATTTTTCCTCTGGGTGAAATGGATTAGATT
TTAGATTTCCACAAGAGGCTGGTTAGTGCATGATCCTGAGTTAGAGCTTTTTAGGTGG
CTTTAAATTAGTTGCAGAGAGACAGCCTCGCCCTAGACAACAGCTACATGGCCCTTT
CCCTCCTGAG

>IL6R

TTCTTCTTGCCCAGGCTGGAGTGCAGTGGTGCCATCTCGGTTCACTGCAACCTCCGCC
TCCTGGGTTCAAGTGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACCGGTAC
GCACCACCATGCCCGGCTAATTTTTGTATTTTTAGTAGAGATGTGGTTTTACCATGTT
GGTCAGGCTGGTCTCGAACTCCTGACCTCATGATCTGCCCACCTTGGCCTCCCAAAGT
GCTGGAATTACAGGTGTGAGGCACCACGTCCGGCCTGGCCAGGATTAAATTTTTTCA
TGTGAACCACAACACTAAAACTTTGTATATTGCTGCGCTTATCTTACAAATCAGGAA
ATAGGGGTTCAGAGAAGTTAAATAGCTTGCTTAAGTCACACAGCCAGCAAGTGGTAA
AGCTGGGATCTGCATGACTACAGAGCACACAGGCTCCCCACCAGTAGATTAGAGAG
GGGGAGGTCTGCTTTGGTGCAGAGACAGGTGGGATCTGTGATGCCCGTTCTTGGTTT
CAACATTCTTTTAAACTCTCCTATCTGAGCCTAGGACTTTCTGCAGCCTTCCTGTTTTA
GGCTGGCAGCTCACAGTCCCTCTCTGGTTATTTTCAGGTCTGTGTGTGCCACAGAGAG
GAAGGGGGCAACCACAGTGGGAACCGCTTTCCAGCCCTGCTGCAACCCCTTTTGAAA
TAGCAGGCGAGAGGGCTGGTGGCCTCCACTGTGCTCTTCTGTTCCTGTCTGTGGGCAT
GGCTAAAGCAAACAAGCTCACCCACACCAGCTCCCATCGTGCGGTGGATCAGTGCAT
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GTGCTTGGTTCTGTCTGGCACTGCTGATGGGTGGTTCCTACAGAAAGATCCAGATGC
ACGGGGTCTGAGGACTGTTTCAGAAGCTCTGTCCGTCCATGCCTGGCCCTGTCCACTT
GGGAGTTCCATTAGGCCATGCCTGTTCCA

>SORT1

GTATGGAAAGACTATTCTTCAGGCTTGCAGGAGTCACGGATGTCCTGATGTCTGTCTC
CGTAGGATGTGGCCCACATCAGTTCGCATTCACCTTCTTGCAGCAAGGCAGCTGCTTA
GCAGACAATGGGCGCTCCAGTGAGCGGGGTTTATAAAAACCCGAAGCCCCGGTTCAT
GATGGAGCCCCCTTTTCCAGCTGAGCAAGCTCAGGGATTTCCTGGGTAGGTTTTTCCA
GGCTCTGCCTCACCGAAGGAATTTTAGGAGTGTCTCTGGGGAACAGGAGGGACGTAA
CCCAGCCCCAACTTGAGGGCGCTAGAGGTGCGGCAAGGGGTCGCGACGCCAGGAGC
CCGGGGCTCGGCGGGAAGGTATGAGAAGCTCCTACGTGAACTCCACAAGCCGGGCC
CGGGAGACGCCGGGCGAGGCGGGGTTGACCTCAGCAGTCTCTGCCCCGTTCCAGCCA
ATCAGTCCCGCATCTTAGCATCCGAATCCAGGACCCCCGAAGCCGGAGGCGACGCGA
GCCAATGAGGAGTGGGCCGGGGAAGAGGGACAGGCGGCCAGC

>SMYD2

GAGGTCCTATTTTGAAGTAGTGGTTTCTGCTAAATGATCTCGTCACAATTTTAGTCTT
TACTGCATGTACATCAATTCCAGTCTTTACATAATCATGTGGAACACGGATTATATTT
TCCTTTCTCATATGAAAAGTAATAGCGTGCATGTGTATAGGATTTACGTTTCAGGCTT
TGTGGGCTTTAAATCCTTTGACTCCTAACCCAAGTGACTTTTCTAAGATCACAGTTCG
TGGGTGGTCAAGCATATTAAAACTACTGCAAACTCTAGCGCAGTGTCCTGGACACTG
GCCACAGCATCGCATTATCCCCCAACAGCCTAAATTCCTTGAAGGCAAGGTTCTCTCT
GGCTTCCTCTGCAACGTTCGCAGCATGCCTCAGAGACTCGGTGAGCTGGGCCGGCCA
ATGCATTTCCTCTTCCGTCCATGTAATTCCACTAGAGGAGCAGAGGGCAAACTACGTT
CCCATTAAAGCCACAAGGTTTAAAAACCTCTAACCTTGGAAAAGCACACTTCAACCC
TCTGCACACCAAACTTCTCTACTGTGGTTTCCCCTCTGCCGCTTTCTCCTTGGCGTTCC
CCGATCACTGCCTCTAGGGTCTTTACAAGGGACAGCGAACGTAAGGTTTCGGAGCTG
GCTTCGCCCCCTTCTATTTACCGGGGGCTGGTCATCCTTCGGGCCAGGCTGACTGTCT
AGGGGTGGCCCTCGGATACCTGGTCCCCGCAGGTGACCCCCCTCCCTCCCACCGAGG
AGGAGGGCGCGTCCCGCTCGCTCCGTGGAGACGCCGCGGAGGCGCACACGCCTCAC
GCCTCCTCGCAGAAGCCACAGGGGCTGCGGCTCTTTGTCGCGGCCACACCGGAAACG
GCCCGGAGCGCGCGCGGGGLCGGCCGCCGAGGGTCGCGGLGCTAGGLGGGGLLGLLG
GGCCCGTCCCCCTCCCCGCGGGGGLCGCGCGAGGCCCGGGLCGGGGLLGLCLLCTCCCTTC
CGGGGAGCGGGGAGCCGCCGCLCGLCGTCLCGCLCGGGLGGLTCCCACCCLGLLCeeeaL

AGCTCTAGGTGACGCGTCTCCAATAACAGCTCGCCGGGAGCCGCAGCTCGGGCACAG
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CCGGCGGCCGCGCCCCGCCGCCACCATGAGGGCCGAGGGCCTCGGLCGGCCTGGAGC
GCTTCTGCAGCCCGGGCAAAGGCCGGGGGCTGCGGGCTCTGCAGCCCTTCCAGGTGG
GGGACTTGCTGTTCTCCTGCCCGGCCTATGCCTACGTGCTCACGGTCAACGAGCGGG
GCAACCACTGCGAGTACTGCTTCACCAGGTAGGGCGGCGGCGGCGGCGGCGGLGGE
CGGGAGCCGGGGGCGCCGAGCGGGAGGCTTGGACGGCGGCGCCAGGAAGTGCGTGC
GGCTCGCGGGGTCCTAGCGCCGGCCCTTGGGGLCGGGGTGGGGGGCGGGGAGGGGAG
GAGGCCCCGCGCTGCGGCCCCGCGCTGCAGCCCCACGCCAGGCGCCACGTGCGAGA
GGAAACAGGACCGGTGCCCCGCTGCACGCCCTGCACTGCACGTTTTCAGAGTTGCTC
ACGCTGGATGCGCAAACCCGGGCGTGCAGGTTCCTGCCCTCAAATGTGGGCTC

>SERPINB9

GGTTTCCATCACAGGTGCTGAAAACACTCTTGGAGGCAACTGCAGCTCTTTTGAAAG
TTTTAATTGCGTCTTTCAATAATCCTTCCCCCAGGAGGAGCAAAGGCCAGTGCAGAT
GATGTATCAGGAGGCCACGTTTAAGCTCGCCCACGTGGGCGAGGTGCGCGCGCAGCT
GCTGGAGCTGCCCTACGCCAGGAAGGAGCTGAGCCTGCTGGTGCTGCTGCCTGACGA
CGGCGTGGAGCTCAGCACGGTAAGACCCGGGCTGCGGGAAGAACCCAGGGACACCT
TTGCGGGCAGAACTCGAGTGCCACTTCCACCTCTCATATTCACCTTCTGAGTTGGCGA
TGCGGCAGACGCACACTGTGCAGGCACTTGGCGTTGGGATCGAACTTTTGTTCAAGG
CTGACTTTTCCCAATATTGTCTGCGTGATCTGCCAAACTACACATCTCAGTCCTCTGTT
TTTTCATCGCTAGAAGGAGTGGGCGGCGGTTAAAATGCCTTTTAAAATAAATCAGGT
AGGAGGAAGCTTATAAAAATCCTGCTAGTTTGATGAATGGCAGACTTTTAACTCTAA
AAGCATAAATGACTGCTCGGGGTTATTGCCTCCTAGAGTTATGATGAGGATAAAATG
TGGGTAATTCAGGTAACAAGCTTACCACATTGCCTGGCAACTAGTAAATGCTCTACA
AATGTGATCCATTATTACAATCATCATTCTTAGCATTATGCTTTTAAAGTCTAGGAAC
CTGAAATAGAGAATGAGGAAGTCTTAACTTTGACCTAACAAGGCTGGGAGGGGGCA
TCCAGGGAGGTGTGAAGTCCAGTTCTCAGAGGGTGGGACCAGAGGCAGCCTCTGAG
GGCACATCCAGGCACTCGGCTTCCTTTCAGCATGGATCTCCAGGGTGAGAGAGTCAA
CCATGGCAAATGGCAGGCAGTGGGACCCCATGACTTAAGAGGTCTGTGTGCGCAGCA
GCCATTGGCTCTCCCTCTGCCCACCTTCCTGAAACTATGCTCCGGAAACTATGCAGAA
TCTCTCTGGGGCAGATAATCCTCTGGTAACCTCTCTGCTCCGGAAACTATGCAGAATC
TCACCTGGGACAGATAATCCTGTTGGAGTGGCTCACACTGAGAGCCCTTTCGTTTCCA
ATCCTTTTCTTTACTAGCAATGGTTTGTTGTCTTTAAAAAGACTATGTTTGAAAAAAA
AACACAGTCGCCTGGGCATTGACACTTGTCACAATACAAGATGTCTCTGGAGTTGTT
GGATAAGGAGAGGACAGCCACAGCCTTCCTGCCTCTGACTGCTTGGTGTCTCTCCCC
CTTGTCAAGGAAGTGGCACATGGGACATAGGACAAGTAAGAGTGCTCACAAGCTTCT
GGCAGATGAAGGGGCCACTGATCCTATGTGAACAAACAACACCTACGTGCAAGGGG
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AGGAAGGGAACTGTGAGTGCCTGTGCGCTTGTACATGTGCACTGAAGTCGGAATCTT
AAAGTCTAATTCTGGTCTTTCAGGTGGAAAAAAGTCTCACTTTTGAGAAACTCACAG
CCTGGACCAAGCCAGACTGTATGAAGAGTACTGAGGTTGAAGTTCTCCTTCCAAAAT
TTAAACTACAAGAGGATTATGACATGGAATCTGTGCTTCGGCATTTGGGAATTGTTG
ATGCCTTCCAACAGGGCAAGGCTGACTTGTCGGCAATGTCAGCGGAGAGAGACCTGT
GTCTGTCCAAGTTCGTGCACAAGAGTTTTGTGGAGGTGAATGAAGAAGGCACCGAGG
CAGCGGCAGCGTCGAGCTGCTTTGTAGTTGCAGAGTGCTGCATGGAATCTGGCCCCA
GGTTCTGTGCTGACCACCCTTTCCTTTTCTTCATCAGGCACAACAGAGCCAACAGCAT
TCTGTTCTGTGGCAGGTTCTCATCGCCATAAAGGGTGCACTTACCGTGCACTCGGCCA
TTTCCCTCTTCCTGTGTCCCCAGATCCCCACTACAGCTCCAAGAGGATGGGCCTAGAA
AGCCAAGTGCAAAGATGAGGGCAGATTCTTTACCTGTCTGCCCTCATGATTTGCCAG
CATGAATTCATGATGCTCCACACTCGCTTATGCTACTTAATCAGAATCTTGAGAAAAT
AGACCATAATGATTCCCTGTTGTATTAAAATTGCAGTCCAAATCCCATAGGATGGCA
AGCAAAGTTCTTCTAGAATTCCACATGCAATTCACTCTGGCGACCCTGTGCTTTCCTG
ACACTGCGAATACATTCCTTAACCCGCTGCCTCAGTGGTAATAAATGGTGCTAGATA
TTGCTACTATTTTATAGATTTCCTGGTGCTTAGCCTTATAAAAAAGGTTGTAAAATGT
ACATTTATATTTTATCTTTTTTTTTTTTTTTTTTCTGAGACGCAGTCTGGCTCTCTGTCG
CCCAGGCTGGAGTGCAGTGGCTCGATCTCGGCTCACTGCAAGCTCCGCCTCCCGGGT
TCACGCCATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGACTACAGGCGCCCGCCAC
CACGCCCGGCTAATTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCGTGTTAGCCAG
GATGGTGTCGATCTCCTGACCTCGTGATCCACCCGCCTCGGCCTCCCAAAGTGCTGGG
ATTACAGGCTTGAGCCAC

>DAB2IP1

GCCTCAGTCTGGTAATGGAATTACATGAGAGCTTTAGCTCTGGAGCAGCCTGTCTGCT
GTGTTGAACCCAGCTCTGCCGCTTCCTGACCGTGCGGTGCTGTGCAAATTAGTTGCCC
TTTCTGAACTTCTGTTCTCCCATCTGCACACTGGGTTGTGAGAATTAAAGAGAAGTCA
TGGGAAGCTCTAATACAGTGCCTGAAGCTTAGACAGGGCTTACTAAACACATCTGAC
TAATTCTCAGCAGCGTGTTGGAAGAGCCCTCATTAGTATTAATAGCAGAGCTGGGTT
TTGACCCCAGACTTATAGACTCCAAACGTGGTTTTCTTGCCACTCATGCAGTGCACAG
AGCACAGGATAGGGGAGTTTTGCTGGGGAATGAGCACTAAAGTCAGCAAGCCCCGG
GAGGACTGGCTGGGACCTCAGTGATAGGACGTGCAGGCAGGCGGAGATAGTATAGA
CCCTGCTGCAGGGGTGTAACCTCCTGGTGGAATCGGCTTCCTTGCAGCCACGAGGCC
CTGGGTATCCAACTCCCCACCCCTTAGCCAGGGCTGGCTGAGAGCTTAAAGAGCTGA
TGAGGTGTTTGTAGCCATCCAGACCTCTGGGACAGGCTTATTATGCTAAGGCAAGTG
TCAGCTGGAGGATCTATGGGACAATGAGTCACTCCCTGGCTGCTCTGGGTTGTCACA
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TCCCAAGCTGAGACCTTGGGAATGCGTAACTGGTTTCTGTTCGCTGATGCCCGCCTAA
TCCTGGGCACTGGCAGGTACCAGGAGGGCTCTGCTGACGTCCTCAGCTCCCCTCCCA
GCTTCACCTTTACCCTCTTCAAATCTGGGCTCCCCTCTTTTTCCTCCGTTAGACTCTCA
GTGTTCCTTAGGGTTCCCCTTTACTTGGGTGTCCTCTGCCCTGGGGAAGGGATTACAA
GCCCAGGCTCAGGTGGTGGTGTATAACTTGGAGGCTGGAGGGACCTGTGATAACTCC
AGGGGCCTCCCAGGGCAGCCAGACTCCCCGCTGTCCTACCTCTACACCTCTGCTTATG
CTGTGAGTCTGCCTGGAATGCCTTTATGTGGCTATCCTGCCCCAGCCAATCTCAGCAA
GCCCACCTGCTGTCCCACCTTCAATGTTTCTAAAATGCTGTCAAAAGCTGCCTCCTCC
AGCAAGTCTGCCCAGATTGCTCCCAAGTGAAATCCTTTTAAAAAGCCCCACAGAGCA
CTTTATCTTTTTCCTTTTATATCATTAA

>DAB2IP2

TTGTTGGGAGAGGAGACAGGAAAGCCTCCAGGGTGACATGATCCCCCAACTGCATGT
CAGGGTGAGGCGTTCATTGTCTCAAGAGGAGCAGAGGCTGGGCATCCCAGGGAGGG
CCATGCACTGTGCCAGGTCAGGAGAAGCGGGCGATGAGACCTAAGAGGACAGCAGG
GACCTGAAGGCCAGACAGGGCTGTGGGAGCCACCAGAGGGTTTTAAACAAGGGAGA
GGATGGCCTTCCTCTGTTCTGGATCCTGAAAAGCTCACCCTGACAGCAGTGGGCAGA
TGGGTTGGAGGGAGCAGGATGGTAGCCAGGAGACGTGAAAGGAGAGCATAGCTGTG
GTTCCAGCAACAATAGCAGAAAATTCGCAGGGAGGGGAGCGGGTACAGGAGGCAGT
GGCTGCAAGGGACAAGGTTAGGGGTGATTAGAAGGCAAAATCAGTGGGCCGTGCCA
TTTGGGAATGAGGAAGAGGGAGGAGTTGACAGCTGCCAGAGATTCTGTCTCAGGTGT
ATCTGTATGGGTAGTGGGGTCTCCACTTAGGGTAGGGAGCTCAGGAGGAGGGCATGG
GTTTGGGTGTTGATGATGACTTCAGGTGTGGCAGGCTGAGTAGGAGGGACTCCCAGG
GGTGGTGCCTGCAGATATATTAATACATGCCTGAAAGCTCATTGGGAGACCTGGGTT
GAGCAGGGATTGAGCATCATCTGCATACCAGGGCAGTGAAACTTGGAGGAAAAGCC
GAAGGACACTGTTAACAGGCAGTGTATGGGGGACACAGAACATTCCAGGTCCTGAG
ATAAAAGGTTCAGAAAAGGATCGCTGGACTTACCATGAGCAAGGAGGGCCCTGGTG
ACCTGGGTCAGAGCATATTCAGCTGACTTGGGGAGTGAATGGAGTGGGAGCCTGCCA
TAGTGGGGAAAGCGGGTGGTGGTGTCCCAGTGGAGGGAGTTCCTGGGCAGGGCCTG
CCTGGGCCCAGTAGTGCTCACCCAACTGCCCTCTCTCCAGATTTGGCAGCAAGGAGG
AATACATGTCCTTCATGAACCAGTTCCTAGAGCATGAGTGGACCAACATGCAGCGCT
TCCTGCTGGAGATCTCCAACCCCGAGACCCTCTCCAATACAGCCGGCTTCGAGGGCT
ACATCGACCTGGGCCGCGAGCTCTCCAGCCTGCACTCACTGCTCTGGGAGGCCGTCA
GCCAGCTGGAGCAGGTGCCTGTTGCCGTGGGGCGGAGGTGGGGCCAAAAGCTGCCA
TCAGGCTTTTAGTGTTCCCCCTTCCAGAGTAACCATGGAGGGCAGAGAGTTTGCCCA
AGTGGCATGATCAGGCCAGGTCCTGTCAGA
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