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Abstract

Insulin resistance plays a significant role in the pathogenesis of type 2 diabetes
(T2D), a severe metabolic disease and major public health concern. Discovery of
genes underlying insulin resistant syndromes can provide insights into
pathophysiology and identify novel pathways for drug discovery. Moreover, these
genes may also impact common T2D risk. The aim of this work was to investigate
genetic variants for effects on insulin resistance, T2D and related continuous traits.
Candidate genes studied included lipin family genes (Ch 3), components of the
mTOR pathway (Ch 4), PARL (Ch 5) and genes involved in pancreatic B-cell function
(Ch®), including WFS7(Ch 6 and 7).

The lipin 1 gene is responsible for two mouse models of lipodystrophy and insulin
resistance and has been suggested to influence human insulin sensitivity and
adiposity. | sequenced human LP/N7, 2and 3in insulin resistant patients to identify
potential pathogenic mutations and tested for association of common variation in
LPINT with metabolic traits underlying T2D. These studies demonstrated that
variants in the lipin family are unlikely to be common causes of severe insulin
resistance, and that LP/N7 common variants do not importantly contribute to risk of
T2D.

Sequencing genes in the mTOR pathway revealed a number of rare variants in
insulin resistant patients. Given that these genes are key players in the insulin
signalling pathway some of these variants may be contributing to insulin resistance in
patients. More detailed genetic and functional studies are needed to confirm this.

In the PARL gene the polymorphism Leu262Val had previously been reported to
associate with fasting insulin levels. Despite a larger sample size (N=3666) | could
not replicate this result in UK populations (P=0.79).

| contributed to a large candidate gene association study that investigated 1536
SNPs in 84 genes involved in pancreatic B-cell function for association with T2D.
This study identified common variants in WFS7, a gene responsible for an autosomal
recessive form of diabetes, impacting T2D risk. These results were confirmed in
additional populations and updated meta-analysis (OR=0.89, Pvalue= 4.9 x 107'").
In addition, | initiated re-sequencing and genotyping efforts to refine the association
signal and investigated whether rare variants in WFS7 also impact T2D risk. Further
work is still required to identify the causal variant, and there was no evidence for
association between rare variants and disease risk.

Recently, genome-wide association studies (GWAS), agnostic in terms of prior
biological knowledge, have identified a number of genes underlying T2D and related
traits. My work, which identified a novel T2D susceptibility gene not detected in initial
GWAS results, WFS7, suggests that candidate gene studies can sometimes
complement genome-wide approaches.



Contents

DECLARATION ....oooirevvvvvesssssssesssssssssss s ssssssssss s sssssssss s 555501 I
ACKNOWLEDGEMENTS .....oooottmmrieeeeessisasisessssssssssssiesssssssssssss s ssssssssss s ssssssss 555885 1]
DEDICATION ....oooooovtteieeeesesessssssesssssssssss e sssssssss s \Y
ABSTRACT ... ssss s 555 Y
CONTENTS ..ottt eeeesssss s8R \Y
FIGURES AND TABLES ......oiiiiiiriieeeessimiaiesssssssssssasiessssssssssss s ssssssssss s sssssss 5550 X
CHAPTER T oot 1
INTRODUGCTION ....oooooeveveeesssssaseeesseesssssssseesssssssssssssssssssssssssssss s sssssssssssss s sssssssssssssssssssssssssssss b sss s 1
R O Y = V] OSSO 2
1.2 INSULIN AND GLUCOSE HOMEOSTASIS .....cutieteiiriereiniesesesiesenessesesessasesessesesessasesessesesesssnessssasesesnas 4
T2 7 GIUCOSE..........ccuveeiisiiieisi ettt ettt ettt 4

1.2.2 Metabolic €ffecCts OF INSUMNIM...............cccccciuiiiiieiiiiiest e 4

1.2.3 INSUNN SECTQIONN.........c.ocoveeiiiiieiiiieee e bbb 4

T.2.4 INSUNIN GCHON .........cocoviiiiiiieiiiiee ettt b et 5

1.2.5 Insulin action and secretion in type 2 diabetes ...............c..ccccuvevieneiieiiesiesiniiseieenieniens 6

1.3 INSULIN SIGNALLING ....cvvivivevietitestetestesaete st sttt te st tesbess et et s esesbe b e sesbe b esssbe st e nestebeneatenreneane 8
1.3.7 TRE INSUIIN FECEPION. ...ttt 8

1.3.2 Signalling downstream of the insulin reCEPION ................cccooucivireiiiiieiiiiieiienees 10

1.3.3 Attenuation of the insulin signalling Cascade .....................cccccniiiniiiinciiinenns 14

1.4 MECHANISMS OF INSULIN RESISTANCE AND PANCREATIC B-CELL DYSFUNCTION .....ccccvvvennane 15
1.4.7 AdIPOCYLe AYSTUNCION..............ocoiiiiiiiiiciii et 15

1.4.2 Mitochondrial QYSTUNCHON..................c.ccccouiiiiieiiie st 18

Ji4.3 ER SITBSS .....cuviuiieeiieie ettt b e ettt b e et b et b et a ettt eb et b e ne s 18

1.5 GENETIC CAUSES OF INSULIN RESISTANCE AND PANCREATIC B-CELL DYSFUNCTION............... 21
1.5.1 Inherited syndromes of insulin resistance in AUMAans .................ccccuoveviveieneniesennns 21

1.5.2 Inherited defects in B-Cell FUNCION ...ttt 26

1.6 GENETICS OF COMMON TYPE 2 DIABETES ....ecvtvivvitiiereitessesestessessasessessasessessasessessassssesssssssessanes 31
1.6.1 Type 2 diabetes (s @ genetic QISEASE ...............cccooucivireiiiiiieiiiiieieie e 31

1.6.2 The ‘geneticiSt's NIGAIMATE” ...t 32

1.6.3 LINKGGE SHUGUES.............ococveiiiiiiiiiiiei et 33

1.6.4 ASSOCIGHON SIUGIES ............cceeuiieeiiiiii ettt 36

1.7 AiMs
CHAPTER 2
MATERIALS AND METHODS .....ooooooummmiresssssssssiesssssssssssssssssssssssssss s sssssssssssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssseess 51
2.1 DEFINITION OF COHORTS ...ocvtitiietiitesieseatestesestessesassessessasessessasessessasessessssessessassssesssssssessassssensanes 52
2.1.1 Severe Insulin Resistance (SIR) CONOIL...............c.ccoviiiiiniiiiiiniiiiieee e 52
2. 1.2 CONIOI PANEIS...........ccocuiiiiiii ittt et bt 52
2.1.3 CasSe-CONIIOI POPUIBIIONS .............cocoueeeiiiiiiiieiiieee ettt 53
2. 1.4 Population-based POPUIALIONS ..ottt 56
2.2 REAGENTS ..ottt etttk bbbt e bt b bbb e R bbbt e bbbtk b bt e erennan 57
22T DNA PrEDAIALION. ............ccveiueiiiiesieiieiieie s s s ettt re e a ettt s reete e ae e 57
2.2.2 Polymerase Chain Reaction (PCR) and S€QUENCING.............c.cccuvvinvenieieiienieiesenins 57
2.2.3 S@QGUENOIM FEGGENIS. .........ccecesieiraieiiesie s sese et e e ste e re e e aesbe e aneane e e eneennens 58
2.3 PROTOCOLS ..ottt n ettt r et 58
2.3.7 DNA PIEDEIALION..........c..coiiiiiiiiiiiii ittt bbbt 58
2.3.2 PCOR ..ottt ettt b 60
2.3.3 GEI €IECIOPNOIESIS ...ttt 60
2.3:4 DNA PUIITICLION. ..........ccoeeiiiiii ittt ettt bbbt 61
2.3.5 SEQUENCING ........c.coviveiiiiiiieee et e 61

Vi



2.3.6 SEQUENCE GNAIYSIS ......ceoiiiiiiiiiiiitee ettt e 62

2.3.7 GERNIOLYPINIG ..ottt bbbt bbb bbbttt 62
2.3.8 SIAUSHCAl @NALYSIS........c.ocoooiiiiiiiiiiiee et 65
CHAPTER 3 ...oooooooeeeeeeeeeesssssssssssssssssssss s RR S8Rt 66
INVESTIGATION OF LIPIN FAMILY GENES FOR IMPACT ON SYNDROMES OF SEVERE INSULIN RESISTANCE
AND METABOLIC TRAITS IN UK POPULATIONS .....coooovvvvveeeeeeeeemmmmssssssssssssassssssss s sssssssssssssssssssssssssssssssssssssssssesessssssees 66
3.1 SUMMARY .ottt Rt 67
3.2 INTRODUGCTION ...tuititeuiteseeatetesesteseestesesesteseseseesesessesessateteseabeseseebebeseabeseseabebeneabeseneebebeseaneneseaniee 69
3.2.1 Lipin 1 null mutations cause lipodystrophy and insulin resistance in fatty liver
AYSITOPAY (IG) MUCE............c.ociiiiiiiiei e 69
3.2.2 Lipin 1 is required for the development of mature adipocytes..................c..ccocuun. 69
3.2.3 Lipin 1 jsoforms reveal distinct roles during adipocyte development....................... 70
3.2.4 Lpin1 overexpression causes obesity in transgenic Mice..................ccccveeiveneens 70
3.2.5 Lipin 1 is a phospatidate phoSphGIase................cccocuvivioiiiiieiieiiiiie e 71
3.2.6 Lipin 1is an inducible transcriptional CoOactivator ...................cccivioninniencnnnnns 72
3.2.7 ReGUIGION OF DI T.......coooveiiiiiieiie ettt ettt 73
3.2.8 LPINT expression and human adjposity and insulin resistance..................cc.cc....... 73
3.2.9 LPINT genetic variation and human adiposity and insulin resistance...................... 74
3.2.70 LPIN FAMUlY OF GEIMES..........ccoveveeiiie s s sttt 74
3.2.17 Genetic studies Of LPINZ i1 AUMENS...............cccoiiiniiiiiiiinsene e 77
3.2.72 AIMS OF LIS SHUAY ..ottt et 77
3.3 RESULTS .ttt ittt ettt btttk e b btk b e e bRt e e bbbt e ettt e e b ne et 78
3.3.1 Association studies of LPINT tagging SNPs and metabolic traits........................... 78
3.3.2 LPINT mutation screening in the SIR CONOIT ..o 94
3.3.3 LPINZ and LPIN3 mutation screening in the SIR CONOrt ...............cccovvciivnennnn. 102
3.4 DISCUSSION. ....ecuiitetiiitestseeteie sttt eebe sttt sb kst b bt b e b e st e b e b e £ e b e b et b e bt e e b b et e b e bt bbb e bbbt bt 106
ST LPINT oottt bbbt 106
342 LPINZ GNd LPING..........ccooiiiiiiiiiietsee et 110
3.5 MATERIALS AND METHODS .....covitiuiieteiinietenissaieie st sesi s ese st ese st 112
3.5.7 DESCIIPDHON OF CONOITS ........ccveuveieie sttt ee ettt nnens 112
3.5.2 PCR G@nd S@QUEICING.........c..c.coeveeieiisiesieisaiaiseiesesesestssse s aseessesse e ssessesssssassesseseens 113
3.5.3 TAG@Ging SINP SEIECHON...............c..ccccouviuiiiiiriieiieeesese st 114
S.5.4 GONOLYPDING ...ttt et et 114
3.5.5 StAUSHICAl GNAIYSIS........ccoooviiiiiiiiiei e 115
3.5.6 WESIEI DIOKINIG..........c.ocooieiiiiii et e 116
3.5.7 Indirect immunofiuorescence by confocal MiCrOSCOPY ............cccuvucvveneiiiienecnnnnn, 117
CHAPTER 4 ..ooooooeeeeeeeeessssssssssssss sS04 119
INVESTIGATION OF COMPONENTS OF MTORC1 AND MTORC2 COMPLEXES IN SEVERELY INSULIN
RESISTANT PATIENTS .....oooccuuuuusssasssssmssaaesssees e esesssssssssssssssssss s 119
4.1 SUMMARY ..ottt r R bR Rt 120
4.2 INTRODUCTION ...etiuittenieetesesteteeseetesestaseseseatesessssesessesesessasesesseseseseasesessasesessasesessssesessssesesasns 121
4.2.1 The mammalian (arget Of r8DAMYCIN ... 121
4. 2.2 MTOR COMPIEXES..........coccuiiiiiiiiiiiiiii ettt 121
4.2.3 The role of mTORCT in insulin SiGnaling ... 122
4.2.4 mTORC1/S6K1 pathway augments serine phosphorylation of IRS proteins....... 123
4.2.5 mTORC1/S6K1 provides a mechanism for diet-induced insulin resistance......... 124
4.2.6 mTORC1/S6K1 signaling and B-Cell FUNCHON................ccccocucivireiiiereinieneiesenieiens 124
4.2.7 mTORCZ plays a role in cytoskeletal organisation and AKT phosphorylation.....125
4.2.8 mTORCZ2 plays a role in insulin-stimulated glucose uptake...................c.cccueun... 126
4.2.9 GENEIC SHIES..............c.ooveeviiviiiireeisse et 126
4.2.70 AIMS OF IS SHIAY ........ccoecvieie ettt ettt nees 127
4.3 RESULTS ottt etttk b bbbt ek s bkt e bRt bkt et e b e st e bR et ee e bt e b be e et 128
4.3.71 mTOR sequencing in the SIR CONOIT...............c.ccocviiiiniiiiiiii i 128
4.3.2 Rictor sequencing in the SIR CONOX...............c.ccocuviiiiiiiiiiiiiiii e 130
4.3.3 GBL sequencing in the SIR CONOIT.............ccccooiiioiiiiiiiiiiiee e 132
4.3.4 MAPKAPT sequencing in the SIR CONONL................c.cccouiniiiiiniiiiiiiie s 135
4.3.5 AS7160 sequencing in the SIR CONOIL.............cc.cccouviiiiiiiiiiicii e 137
4.3.6 Raptor sequencing in the SIR CONOIT.............cc.ccccouviieiiieieiiie e 144

vii



D 110 U170 N SRR 147

4.5 MATERIALS AND METHODS ....cooviiiitiiciiitesieie sttt sttt st teste st te b e tesvesaetasbe st tesaessesesaesnarens 151
4.5.7 DESCrIDHON OFf CONOITS ..ottt e 151
4.5.2 PCR @Nd SEQUEICING ...........cooeiiiiiiiiiiiei sttt 151
4.5.3 In vitro studies of mutant AST60 FUNCEON ................cccccuoioieeiieiiiiic e 152
4.5.4 SEAUSHCAI ANGLYSIS ......c.c.oevieiiieiiiiiieise ettt sttt sbeseene 153

CHAPTER 5 ...ooooottieeeeeeessssss s ssssssssss s sssssss 55588855 154
PARL LEU262VAL AND FASTING INSULIN LEVELS IN UK POPULATIONS .......coiiimmierrrveveesnssessssssssssssssssssssssssnns 154

5.1 SUMMARY ..ottt 155

LIV | N 1 2Te] 018 {03 1 0 NIRRT 156
5.2.1 Mitochondrial dysfunction is associated with insulin resistance and type 2 diabetes
(T2D) ..ottt b bR a bbbt ne e 156
5.2.2 Expression of PARL correlates with inSulin SENSITIVILY...............cccocvvniiiiienecnnn, 157
5.2.3 A SNP in PARL is associated with fasting insulin levels in a US cohort............... 158
5. 2.7 AIMS OF thiS SHUAY ..........cocooiiiiiiiiiiiiiiee e 159

TR I =T = OSSO 160

5.4 DISCUSSION. ....eiteieteitetetestestetestestetesteseetesbesaatesbesaetesbe e atesbe st atesbe st atesbe st atesbe st abesbe st abesbeseatenbaneane 163

5.5 MATERIALS AND IMETHODS ....coitiuietiiteiieiesieseetesieseetestesastesbe e e sbe e stesbe st sbe st stesbe e st sbenessessesenes 166
5.5.7 DESCIIDHON OF CONOITS .........cvcviiiiiiiisi ittt sttt st seens 166
5.5.2 GONOLYPING .......oveueiiiiieisieiee ettt sttt bbbt 166
5.5.3 SUAUSHCAI GNEAIYSIS.........ccocovioreiiieiesisiesie s ettt te e eneennens 167

CHAPTER B ...oooovtvumieeeeeeessssssesessessssssss e ssssssssss 5558881158858 168
LARGE CANDIDATE GENE ASSOCIATION STUDIES OF PANCREATIC B-CELL GENES AND RISK OF TYPE 2
DIABETES ... vvveesssseseeeesesesssss s ssss 1158881058888 168

5.7 SUMMARY ...ttt e sttt st sttt te s b et et st et e be s b et e be s b e e e Ee s b et e Ee s b et et e b e e e be st et et b e neane 169

6.2 INTRODUGCTION ...cuititiiitesiiatesesteteseseebese st ss bbbt ne ekt s bbb bbbt bbbt b e n e 170

6.3 RESULTS AND DISCUSSION .....cuitiuiietiiisiiteinnatesesresenessssesessese st st e sess st sne e ssese s sssnese s 172
6.3.1 Type 2 diabetes association study of genes involved in pancreatic 3-cell function
.................................................................................................................................................... 172
6.3.2 Replication of WFST1 SNPs rs10010131, rs6446482, rs752854 and rs734312 in
the Vdsterbotten type 2 diabetes case-Control Sty ...............cccvvvnieviiniensiniensieneens 188

6.3 CONCLUSION ....uiititiiatesieeteie sttt ettt b ekt b bt b bbbt bbbt b et n et 193

6.4 MATERIALS AND METHODS .....oivitiiiietiiiniateneseeiese st s ettt 194
6.4.7 DESCrPHON OF CONOITS ........cooveeeieiieie s et 194
6.4.2 Genotyping and Quality CONIrol STrategy ... 198
6.4.3 SIAHSHCAI GNAIYSIS........ccocveeieeieiisie sttt ettt ne e e 199

CHAPTER 7 .oooooooeei v sssssssss s s 5555525530 201
INVESTIGATION OF WFS7COMMON AND RARE VARIATION FOR ASSOCIATION WITH TYPE 2 DIABETES.. 201

7.1 SUMMARY ..ottt sttt sttt sbe et sb et et s bt e te s b et e be s b et e besb et e b s b et e b e s b et e b b e e et sttt b et e 202

7.2 INTRODUCTION ...ovtetiitesieresteseetesteseetesteseesesteseetesbeseesesseseatessessasestessatesbeseatesbessasessessatessessasessasenne 203
7.2.1 WFST deficiency in humans and animal models.................ccccocouvunninenninnnnnnnnn, 203
7.2.2 WFST has a role in ER calcium homeostasis and Stress response....................... 203
7.2.3 Genetic variation in WFS1 and type 2 diabetes (T2D).........c.cccouvevvinceniinnannnnn, 204
T2 AAUTIS .ottt bbb ekt b et ab e e be et 205

7.3 RESULTS AND DISCUSSION .....cviviuiieiiiinrireenretesesrare s snssee s snese s sesnese s 206
7.3. 1 Fine-mappPing OF WS T......uo oottt sttt st 206
7.3.2 Rare Variant GNGLYSIS ..............cccouoiiiiiiiiiiiiiiiei sttt 224

7.4 MATERIALS AND METHODS .....oitiieiiiteieie it te ettt te sttt sttt sttt bttt e st b et b e e 235
7. 4.1 DeSCrIDHON OF CONOITS ..ottt 235
7.4.2 Multiple sequence aliGrnmeENLS..............cccciviieiiiiit ittt 235
7. 4.3 PCR @Nd SEQUEINCING ............cooeiiiiiiiiiiiieeiit ettt nene s 235
T4 GENMOLYPDING ....c.evevieeieeieie ettt ettt sttt ettt b et b et be sttt et et neere s 235
7. 4.5 QUEIEY COMITOL ...ttt 236
7. 4.6 SEAUSHCAI BNAIYSIS............covieiieiiiiieiiie ettt et seere s 238
A 110 - 1 o PSSP 238

CHAPTER 8 ...ooooottueeeeeeesssssaeesseessssss e sssssssss 5558881885588 240

viii



T I X 241
T =TS = N 244
TR I N[ 3 LU 1 0 =S 245
REFERENGCES ...ttt ee s eeee e s s ee s ee e e s e e s e ee s ee s e e s e e s ee s ee e ee s e ee s es s ee s ee s ee s esseeesereeseeeres 251
AAPPENDIX ..ot eeee e e e e e e s e eee s s ee s s ee s ees e et eee e s e e e e e s et e et e et e e e e s eee e 289



Figures and Tables

FIGURE 1.1 THE INSULIN SECRETION PATHWAY ......coiiiiiiiiir s s 5
FIGURE 1.2 INSULIN RESISTANCE AND PANCREATIC B-CELL DYSFUNCTION IN THE PATHOGENESIS OF
TYPE 2 DIABETES ... 7
FIGURE 1.3 REGULATION AND METABOLIC EFFECTS OF THE INSULIN SIGNALLING PATHWAY ..........cccccnvuuee. 8
TABLE 1.1 INHERITED SYNDROMES OF INSULIN RESISTANCE IN HUMANS .........cccccoviiiiiiiiiis 25
TABLE 1.2 MONOGENIC FORMS OF DIABETES IN HUMANS ........cccoiiiiire s 30
FIGURE 1.4 THE EROSION OF LD BY RECOMBINATION........cccoiiiiiiiiiiiii s 37
FIGURE 1.5 SELECTION OF TAGGING MARKERS BASED ON PAIRWISE CORRELATION BETWEEN THREE BI-
ALLELIC MARKERS ...t bbb bbb bbb bbb 39
FIGURE 1.6 ASSOCIATION OF A BIALLELIC MARKER WITH COMPLEX DISEASE.........ccccosiiiniiniici 41
FIGURE 1.7 SPURIOUS ASSOCIATION OF RED ALLELES WITH DISEASE DUE TO POPULATION STRUCTURE
............................................................................................................................................................................................................ 43
TABLE 1.3 GENOMIC REGIONS ASSOCIATED WITH TYPE 2 DIABETES AND THE GENETIC STUDY DESIGN
USED TO DISCOVER THEM ... 47
FIGURE 3.1 THE ROLE OF LP/NT7IN TRIACYLGLYCEROL (OR TRIGLYCERIDE) AND PHOSPHOLIPID
SYNTHESIS ... bbb 72
FIGURE 3.2 EVOLUTIONARY CONSERVATION OF THE LIPIN-PROTEIN FAMILY .....c.ccccoviininnininneccns 76
FIGURE 3.3 KNOWN FUNCTIONAL MOTIFS AND DISEASE MUTATIONS IN LIPIN PROTEINS ... 76
FIGURE 3.4 FLOW CHART SHOWING THE PROCESS OF SNP IDENTIFICATION AND SELECTION.................... 79
TABLE 3.1 LPIN7SEQUENCE VARIANTS DETECTED IN 48 CEPH CONTROLS.........c..coooovininicncs 80
FIGURE 3.5 PAIRWISE LINKAGE DISEQUILIBRIUM (LD) BETWEEN SNPS IN LPIN1T AND THE SURROUNDING
SEQUENCE ..ot bbb 81
TABLE 3.2 TAGGING SNPS IN LP/N7ANALYSED FOR ASSOCIATION WITH METABOLIC TRAITS .........ccccevea 83
TABLE 3.3 MEAN FASTING INSULIN LEVELS AND MEAN BMI OF STUDY PARTICIPANTS BY LPIN7 TAGSNP
GENOTYPE IN THE MRC ELY COHORT .....ooiiiiiiiii bbb bbb 84
TABLE 3.4 MEAN FASTING INSULIN LEVELS AND MEAN BMI OF STUDY PARTICIPANTS BY LP/IN7 TAGSNP
GENOTYPE IN THE HERTFORDSHIRE COHORT STUDY ....ccocoiiiiiiiiiiciiiisi s 85
TABLE 3.5 JOINT ANALYSIS OF THE ASSOCIATION BETWEEN LP/N7TAGSNPS AND FASTING INSULIN OR
BMI IN COMBINED ELY AND HERTFORDSHIRE DATASETS ... 86
FIGURE 3.6 ASSOCIATION BETWEEN RS13412852 AND BMI IN STUDIES WITHIN THE META-ANALYSIS ....... 87
TABLE 3.6A STATISTICALLY SIGNIFICANT ASSOCIATIONS BETWEEN TRAITS UNDERLYING METABOLIC
SYNDROME AND LPIN7TAGSNPS IN ELY AND HERTFORDSHIRE COHORTS. ........ccccooniiininicicnscinns 90
TABLE 3.6B META-ANALYSIS OF ELY, HERTFORDSHIRE AND BROAD CONTINUOUS TRAIT DATA.................. 91

TABLE 3.7 STATISTICALLY SIGNIFICANT ASSOCIATIONS BETWEEN LP/N7 TAGSNPS AND RISK OF
DIABETES OR HYPERTENSION IN ELY AND HERTFORDSHIRE COHORTS, AND IN A POOLED ANALYSIS OF
BOTH COHORTS AND PUBLICLY AVAILABLE WTCCC DATA.......ccoiiinii e 92

TABLE 3.8 STATISTICAL ASSOCIATION OF HAPLOTYPES OF RS33997857 AND RS2577262 WITH
METABOLIC TRAITS IN ELY AND HERTFORDSHIRE COHORTS

FIGURE 3.7 CODING LP/N7VARIANTS IN THE SIR COHORT .......cccoiniiiiniiiic s
TABLE 3.9 LP/IN7TSEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN RESISTANT
PATIENTS AND 48 CEPH CONTROLS .......oooiiiiiiiii bbb bbb bbb 95
FIGURE 3.8 MULTIPLE SEQUENCE ALIGNMENTS (USING CLUSTALW) SHOWING CONSERVATION OF LPINT
AMINO ACIDS A353, R552, AND G582 ... 97
FIGURE 3.9 FAMILY PEDIGREE DEMONSTRATING THAT THE A353T MUTATION DOES NOT SEGREGATE
WITH DISEASE IN A FULLY PENETRANT MANNER........ccccooiiiiii s s 97
FIGURE 3.10 FAMILY PEDIGREE DEMONSTRATING THAT THE G582R MUTATION DOES NOT SEGREGATE
WITH DISEASE IN A FULLY PENETRANT MANNER........ccccooiiiiii s s 99
FIGURE 3.11 SEQUENCES OF GENOMIC DNA AND CDNA FROM THE PATIENT CARRYING THE G582R
VARIANT L. bbb 100



FIGURE 3.12 WESTERN BLOT ANALYSIS OF TOTAL CELL EXTRACTS FROM CULTURED PATIENT

FIBROBLASTS CARRYING THE R552K AND G582R LP/NTMUTATIONS.........cccoviviiii e 101
FIGURE 3.13 IMMUNOFLUORESENCE OF CONTROL AND PATIENT FIBROBLASTS ..o 101
TABLE 3.10 LP/N2CODING VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN RESISTANT PATIENTS
AND 17 INDIAN AND 23 CEPH CONTROLS ..ot 102
FIGURE 3.14 CODING LP/N2VARIANTS IN THE SIR COHORT ...t 103
TABLE 3.11 LP/N3CODING VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN RESISTANT PATIENTS
AND 11 INDIAN AND 23 CEPH CONTROLS ......c.oiiiiiiiii bbb 104
FIGURE 3.15 CODING LP/N3VARIANTS IN THE SIR COHORT .....ccooviiiiiiiiiic e 104
FIGURE 4.1 INSULIN SIGNALLING THROUGH MTORC1T AND MTORC2 ........cccosviiiinininicicsns s 123
TABLE 4.1 MTOR CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN
RESISTANT PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS..........cccociiiiniiiinsns s 129
FIGURE 4.2 CODING MTORVARIANTS IN THE SIR COHORT ......cocciiiiniiciiiiinsss s 129
FIGURE 4.3 MULTIPLE SEQUENCE ALIGNMENTS (USING CLUSTALW) OF MTOR V455 AND FLANKING
PROTEIN SEQUENCGE ..ottt bbb bbb bbb bbb bbb 130
TABLE 4.2 R/CTOR CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN
RESISTANT PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS ... 131
FIGURE 4.4 CODING R/CTORVARIANTS IN THE SIR COHORT ......ccooiiiiiiiriricree e 131
FIGURE 4.5 MULTIPLE SEQUENCE ALIGNMENT (USING CLUSTALW) AROUND R/CTORA3 RESIDUE........... 131
TABLE 4.3 GBL CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN RESISTANT
PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS ........ccooiiiiiiiiiii s 133
FIGURE 4.6 CODING GBL VARIANTS IN THE SIR COHORT .......ccciiiiiiiiii e 133
FIGURE 4.7 MULTIPLE SEQUENCE ALIGNMENTS (USING CLUSTALW) AROUND GBL AMINO ACIDS A88 AND
E200... e 133
FIGURE 4.8 A FAMILY PEDIGREE DEMONSTRATING THAT THE GBL A88V AND LPIN7G582R MUTATION DO
NOT SEGREGATE WITH DISEASE IN A FULLY PENETRANT MANNER.........cccoviiiii e 134
TABLE 4.4 MAPKAP7CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN
RESISTANT PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS ..o 136
FIGURE 4.9 CODING MAPKAPTVARIANTS IN THE SIR COHORT ......coviiiriiriniininns s 136
TABLE 4.5 AS760CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN
RESISTANT PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS.........coccciiiiiinccsn s 137
FIGURE 4.10 CODING AS760VARIANTS IN THE SIR COHORT ......ccccoiiniiiciiiiisss s 138
FIGURE 4.11 PEDIGREE DEMONSTRATING SEGREGATION OF THE AS760R363X VARIATION WITH
ELEVATED FASTING-TO-PEAK INSULIN LEVELS IN THE FAMILY OF AN INSULIN RESISTANT PATIENT........ 139
FIGURE 4.12 DIFFERENCES IN INSULIN-STIMULATED GLUT4 EXPRESSION IN CELLS CARRYING MUTANT
VS WILD-TYPE ASTE0 ...t bbb bbb bbb 140

FIGURE 4.13 IMMUNOBLOTS (IB) SHOWING CO-IMMUNOPRECIPITATION OF T7-TAGGED AS160 (TBC1D4)
FROM BASAL (B) AND INSULIN-STIMULATED (l) 293 CELLS WITH FLAG-TAGGED TRUNCATED AS160 (363TR)

OR FULL-LENGTH AST60 (TBCTD4) ...t bbb bbb s 141
FIGURE 4.14 MULTIPLE SEQUENCE ALIGNMENTS (USING CLUSTALW) AROUND AS760 AMINO ACIDS R299,
NBS5 AND NT785 ... bbb bbb bbb bbb bbb 142
FIGURE 4.15 PRESENCE OF AS760N655Y AND A PREVIOUSLY REPORTED B-MSHMUTATION IN A FAMILY
OF A PATIENT WITH OBESITY AND INSULIN RESISTANCE ... 142
TABLE 4.6 RAPTOR CODING SEQUENCE VARIANTS DETECTED IN A COHORT OF SEVERE INSULIN
RESISTANT PATIENTS AND 11 INDIAN AND 23 CEPH CONTROLS ... 145
FIGURE 4.16 CODING RAPTORVARIANTS IN THE SIR COHORT........cceviiririinirsse e 146
FIGURE 4.17 MULTIPLE SEQUENCE ALIGNMENTS (USING CLUSTALW) AROUND RAPTOR AMINO ACIDS
G187, ABB2, AND ROO7 ..o bbb bbb 146
FIGURE 5.1 EVIDENCE FOR LINKAGE OF THE PARL LOCUS TO OBESITY AND DIABETES TRAITS IN A US

... 158

TABLE 5.1 DEMOGRAPHIC, ANTHROPOMETRIC, AND BIOCHEMICAL CHARACTERISTICS OF STUDY

PARTICIPANTS BY PARL LEU262VAL GENOTYPE IN ELY AND HERTFORDSHIRE COHORTS .......c.ccoocoiiiiiinns 160
TABLE 5.2 ANALYSIS OF ASSOCIATIONS BETWEEN PARL LEU262VAL GENOTYPE AND FASTING INSULIN
LEVELS OR BMI IN POOLED ELY AND HERTFORDSHIRE COHORTS ........cccocoviniiiiniiis s 160

Xi



TABLE 5.3 SUMMARY OF GLUCOSE TRAITS AND INSULIN INCREMENT IN ELY AND HERTFORDSHIRE

STUDY PARTICIPANTS BY PARL LEU262VAL GENOTYPE ........ccooiiiiiiniiiii s 162
TABLE 5.4 ANALYSIS OF ASSOCIATIONS BETWEEN PARL LEU262VAL GENOTYPE AND GLUCOSE TRAITS

AND INSULIN INCREMENT IN POOLED ELY AND HERTFORDSHIRE COHORTS ... 162
TABLE 6.1 CANDIDATE GENES AND NUMBER OF SNPS GENOTYPED ACCORDING TO FUNCTIONAL GROUP
.......................................................................................................................................................................................................... 173
FIGURE 6.1 FLOW CHART OF THE PROCEDURE FOLLOWED DURING THE FIRST AND SECOND PHASES OF
THE CANDIDATE SNP ANALYSIS ..o s 176

TABLE 6.2 STATISTICAL ASSOCIATIONS (P <0.01) BETWEEN SNPS IN GENES INVOLVED IN BETA-CELL
DEVELOPMENT, GROWTH, FUNCTION AND SURVIVAL AND RISK OF TYPE 2 DIABETES IN UK POPULATIONS

AND FOR A STUDY IN AN ASHKENAZI POPULATION.......ccooiiiiiii s 177
TABLE 6.3 ASSOCIATION BETWEEN SNPS LOCATED IN THE WFS7GENE AND RISK OF TYPE 2 DIABETES:
ALL STUDY POPULATIONS COMPRISING UP TO 2,414 CASES AND 2,317 CONTROLS..........cccocovvinniiiiiii, 179
TABLE 6.4 CORRELATIONS AMONG WFS7SNPS GENOTYPED IN ALL STUDY POPULATIONS: 2,317
CONTROLS . ... bbb bbb bbb bbb bbb bbb bbb 179

TABLE 6.5 LOG-LIKELIHOOD RATIO TESTS ASSESSING THE ASSOCIATION AMONG SNPS IN THE WFS7
GENE WITH RISK OF TYPE 2 DIABETES: ALL STUDY POPULATIONS COMPRISING UP TO 2,414 CASES AND

2,317 CONTROLS ... bbb bbb bbb bbb bbb bbb 179
FIGURE 6.2 FEATURE MAP OF THE WFST GENE........cccooiiiiiii e 181
TABLE 6.6 ASSOCIATION BETWEEN SNPS LOCATED IN THE WFS7GENE AND RISK OF TYPE 2 DIABETES:
REPLICATION STUDIES AND POOLED ANALYSIS ... 183
FIGURE 6.3 META-ANALYSIS OF WFS7SNPS IN ALL SEVEN CASE-CONTROL STUDIES.........cccoovvniiniiniinnnns 185
FIGURE 6.4 LINKAGE DISEQUILIBRIUM (R?) BETWEEN WFS7GENOTYPES IN THE CONTROL SAMPLES OF
THE VASTERBOTTENS TYPE 2 DIABETES CASE-CONTROL STUDY (N=1,412).....cccccccciviviminnninicicsisininns 188
TABLE 6.7 EFFECT ESTIMATES FOR EACH OF THE WFS7SNPS IN RELATION TO GLUCOSE LEVELS OR
TYPE 2 DIABETES IN THE VASTERBOTTENS TYPE 2 DIABETES CASE-CONTROL STUDY .......ccoccovininiiniininn. 189
TABLE 6.8 DETAILS OF GWA STUDIES USED IN META-ANALYSIS OF WFS7SNP RS10010131......c.ccccevevene 190

FIGURE 6.4 ASSOCIATION BETWEEN WFS7SNPS AND RISK OF TYPE 2 DIABETES IN ALL SEVEN ORIGINAL
STUDY SETS, THE VASTERBOTTEN STUDY, AND IN DATA FROM THREE GENOME-WIDE ASSOCIATION

STUDIES ... bbb bbb bR E R 191
FIGURE 7.1 EVOLUTIONARY CONSERVED REGIONS (ECRS) IN WFS7AND 5000BP UPSTREAM................... 207
TABLE 7.1 WFS7SEQUENCE VARIANTS DETECTED IN A SUBSET OF 96 CAMBRIDGESHIRE CASE-
CONTROL SAMPLES, WITH NON-SYNONYMOUS VARIANTS HIGHLIGHTED IN BLUE ..........ccccoooeviiiiiciiine 208
FIGURE 7.2 FEATURE MAP OF THE WFS1 GENE SHOWING SNPS DISCOVERED DURING RESEQUENCING
AND TAGGING SNPS ... 211
FIGURE 7.3 FEATURE MAP OF THE WFS7GENE AND FLANKING REGIONS. ..........cccoooniiinicnens 212
TABLE 7.2 QUALITY CONTROL ANALYSES OF WFS7TAGGING SNP GENOTYPING IN UK CASE-CONTROL
STUDIES. ... bbb 214
TABLE 7.3 ASSOCIATION OF WFS7TAGGING SNPS WITH T2D RISK IN A POOLED ANALYSIS OF
CAMBRIDGESHIRE AND EPIC CASE-CONTROL STUDIES ..o s 216
TABLE 7.4 CORRELATIONS AMONG WFS7SNPS ASSOCIATED WITH T2D IN THE CAMBRIDGESHIRE AND
EPIC CASE-CONTROL STUDIES .......ccoooiiiiiiiiiiii bbb bbb bbb 217

FIGURE 7.4 THE STATISTICAL STRENGTH OF THE ASSOCIATION OF WFS1 TAGGING (DIAMONDS) AND
IMPUTED (CIRCLES) SNPS IN THE CONTEXT OF ESTIMATED RECOMBINATION RATES (BLUE LINE) AND
PAIRWISE CORRELATION BETWEEN RS10010131 AND SURROUNDING MARKERS ..........cccoooiviiinininicicinns 218

FIGURE 7.5 PATTERNS OF LINKAGE DISEQUILIBRIUM ACROSS THE WFS7REGION IN EUROPEAN (CEU)
AND AFRICAN (YRI) SAMPLES ......ooiiiii it 221

FIGURE 7.6 DISTRIBUTION OF TYPES OF WFS7VARIATION DISCOVERED DURING RESEQUENCING OF
CASES AND CONTROLS AT DIFFERENT MINOR ALLELE FREQUENCY RANGES ...........cccoovinininniicinisics 225

FIGURE 7.7 DISTRIBUTION OF NOVEL AND PREVIOUSLY DETECTED WFS7VARIATION AMONGST
DIFFERENT FREQUENCY RANGES OF CHANGES DISCOVERED DURING RESEQUENCING OF 1235 CASES

AND 1668 CONTROLS ..ot bbb bbb b 225
TABLE 7.5 NUMBER OF CASES AND CONTROLS CARRYING MISSENSE OR NONSENSE CHANGES WITH
MAF<0.0T VS WILD-TYPE ..o bbb 226
TABLE 7.6 NUMBER OF CASES AND CONTROLS CARRYING NONE, ONE, TWO, OR THREE MISSENSE OR
NONSENSE CHANGES WITH MAF<O.07 ..ot 226
TABLE 7.7 NUMBER OF CASES AND CONTROLS CARRYING SYNONYMOUS CHANGES WITH MAF<0.01 VS
WILD-TYPE ..o bbb bbb bbb bbb s 227

xii



TABLE 7.8 NUMBER OF CASES AND CONTROLS CARRYING NONE, ONE, TWO, OR THREE SYNONYMOUS

CHANGES WITH MAF<SO.07T ... bbb bbb bbb bbb 227
TABLE 7.9 KNOWN OR INFERRED FUNCTIONAL WFSTMUTATIONS ... 229
TABLE 7.10 NUMBER OF CASES AND CONTROLS CARRYING KNOWN AND INFERRED FUNCTIONAL WFS7
MUTATIONS CHANGES WITH MAF<0.01 VS WILD-TYPE .......cccoiiiiiiicncire e 231
TABLE 7.11 NUMBER OF CASES AND CONTROLS CARRYING NONE, ONE, TWO, OR THREE KNOWN AND
INFERRED FUNCTIONAL WFS7MUTATIONS WITH MAF<0.0T .....coiiiiiiiciiiicc s 231
TABLE 7.12 QC IN CAMBRIDGESHIRE AND EPIC SAMPLES ...t 237

Xiii



