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Abstract

Although many genes have been reported to be associated with type 2 diabetes

mellitus using a candidate gene approach, most of these results were not

sufficiently convincing. Therefore, with 1,612 diabetic patients and 1,424

non-diabetic control subjects in total, I conducted a multistage genome-wide

association study (GWAS) of type 2 diabetes mellitus in the Japanese population

Among the 100,000 single nucleotide polymorphisms (SNPs) used for screening,

the most significantly associated was rs2237895 located in intron 15 of KCNQI (P

=3.4x10°. I performed dense mapping within KCNQI1, and found that

rs2237892, another SNP in intron 15, exhibited the lowest P value of 6.7 x 10",

which showed genome-wide significance, and the odds ratio of 1.49 (95%

confidence interval (CI) of 1.34 to 1.66). The association of KCNQ1 with type 2

diabetes mellitus was confirmed in two independent Japanese panels. In

collaboration it was also reproduced in Asian panels of Korean and Chinese

population, and surprisingly in a Caucasian panel. A meta-analysis was then

performed combing 19,930 individuals (9,569 cases and 10,361 controls) in total,



and rs2237892 was significantly associated with the disease with a P value of 1.7 x

10 and the odds ratio of 1.40 (95% CI = 1.34 to 1.47). Among the non-diabetic

subjects in the Japanese panels, the risk allele of rs2237892 was related to

impaired insulin secretion but not with insulin resistance. These data thus

demonstrate KCNQ1 as a novel diabetes susceptibility gene in multiple ethnic

groups.

Introduction

Diabetes mellitus is clinically characterized by chronic hyperglycemia and associated

complications, and mainly results from impaired insulin secretion, insulin action or

both. In Japan, the prevalence of type 2 diabetes mellitus is on the rapid increase, and it

affects more than 10% of subjects over 40 years of age. While diabetes in Caucasians

is often associated with obesity and insulin resistance, relatively few diabetic

individuals are obese in Japan, and impaired insulin secretion often develops before

diabetes onset [1].



Genetic factors are critical for the development of diabetes mellitus. Some forms of

diabetes are caused by mutations in a single gene; in contrast, type 2 diabetes, the

major form of the disease, is a multifactorial disorder. Most previous genetic studies of

polygenic diseases were conducted using the candidate gene approach to investigate

the association between genetic variants in genes known to be involved in the disease

pathogenesis. For type 2 diabetes, more than 100 genes related to insulin secretion,

insulin resistance and energy metabolism have been assessed in case-control studies.

Although several genes such as PPARG [2] were found to be associated with diabetes

mellitus in a reproducible manner, most genes investigated exhibited only marginal

effects or even controversial results; thus, the candidate gene approach for type 2

diabetes does not provide convincing results and does not reveal the genetic details of

the disease. Other methods such as sib-pair linkage analysis have been applied in

genetic studies of type 2 diabetes, and CAPN10 on chromosome 20 was suggested to

be related to diabetes [3]. However, the genetic structure of type 2 diabetes mellitus

remains largely unclear, and is referred to as a “geneticists’ nightmare”.



In 2007, genome-wide association studies (GWAS) were developed to evaluate

polygenic diseases. This method was used to study diabetes mellitus [4, 5], and several

novel genes such as TCF7L2 and CDKALI were reported to be associated with

diabetes in different ethnic panels. Although the results were reproducible and

convincing, all the reports were from Caucasians. Thus, it was unclear whether similar

results would be achieved in East Asians.

With this background, a national project aiming to identify disease-associated single

nucleotide polymorphisms (SNPs) for common diseases in Japan was launched and

designated the Millennium Genome Project in Japan. I conducted a multistage GWAS

of type 2 diabetes mellitus in this project. 100,000 SNPs deposited in JSNP database

(http://snp.ims.u-tokyo.ac.jp) [6] were utilized for screening the genome and the scan

was referred to as the JSNP Genome Scan (JGS). I was completely responsible for the

project from its initial study design to the final data analysis.

Methods and materials

Study samples



I assembled three independent sample panels with collaborators in eleven core study

groups in Japan. Panel 1 (for stagel) consisted of 188 diabetic patients, panel 2 (for

stage 2) included 752 diabetics and 752 controls, and panel 3 (for stage3) included 672

diabetics and 672 controls. Since it was decided to target common type 2 diabetes, the

inclusion criteria for diabetic cases were determined as follows : (1) the age of diabetes

onset was between 40 and 55 in order to recruit common type diabetes and to exclude

diabetic patients with a single gene mutation who are often misdiagnosed as type 2

diabetes , (2) maximum BMI of should be below 30 kg/m’ , to exclude obesity-related

diabetes, (3) insulin treatment had not been started until three years after diagnosis, to

exclude slowly progressive IDDM(insulin-dependent diabetes mellitus), and (4)

antibodies to glutamic acid decarboxylase (GAD) were negative, to exclude type 1

diabetes. For panel 2 and panel3, the criteria for the non-diabetic controls panels 2 and

3 were : (1) the age was above 60, (2) without past history of diabetes diagnosis, and

(3) HbA,, (hemoglobin A, ) was below 6%. About 5 to 10 mL of blood was drawn and

genomic DNA was purified using standard methods. Current and maximum BMI,

family history of diabetes and biochemical data of blood were also obtained. Insulin



secretion and insulin senseitivity were assessed by homeostasis model assessment

(HOMA) model. The HOMA-f (pB-cell function) and HOMA-IR (insulin resistance)

were calculated as [FIRI (pmol/l) x 20]/{[FPG (mmol/l) — 3.5] x 6} and [FPG (mmol/l)

x FIRI (pmol/1)]/(22.5 % 6), respectively.

Additional replication panels were recruited by my collaborators with basically similar

inclusion criteria. Replication 1 (1,521 cases and 1,544 controls) and Replication 2

(1,433 cases and 1,444 controls) are Japanese panels. Replication 3 (Han Chinese from

Hong Kong) consisted of 1416 diabetic patients (including 626 early-onset diabetes)

and 1,577 controls. Replication 4 (Korean) comprised of 758 diabetic patents and 632

Table 1. Clinical characteristics of subject panels.

Panel 1 Panel 2 Panel 3

Diabetes Diabetes Control Diabetes Control
n 187 752 752 672 672
Male participants (%) 59.4 57.8 46.3 57.9 38.7
Age at study (years) 63.2+ 9.1 62.4+ 8.9 69.2 = 6.9 62.6 = 9.1 70.2 = 6.4
BMI (kg/m?) 229+ 28 23.3=% 3.0 229+ 238 23.1 £ 3.0 22.5+* 3.0
HbA. (%) 7.2+ 1.3 7.5+ 1.5 5.0+ 0.3 7.6+ 1.5 5.0+ 0.3

Replication 1 Replication 2
(Japanese) (Japanese)

Diabetes Control Diabetes Control
n 1521 1544 1433 1444
Male participants (%) 57.9 46.4 51.2 49.1
Age at study (years) 60.2 = 10.5 65.6 9.9 63.2+ 104 39.9=* 149
BMI (kg/m?) 24.1%+ 39 23.7% 3.5 23.6 =34 22129
HbA . (%) 7724 5.0*+ 0.3 7.3+ 1.4 48+ 04

Replication 3 Replication 4 Replication 5 (Caucasian)
(Chinese) (Korean)

Diabetes Control Diabetes Control Diabetes Control
n 1416 1577 758 632 2830 3740
Male participants (%) 40.4 46.1 46.7 45.4 58.9 37.9
Age at study (years) 50.0 & 13.7 25.1% 14.2 59.2+£ 9.9 64.7 £ 3.6 579+ 11.5 57.4+ 6.0
BMI (kg/m?) 25.0 %= 4.0 21.0 £ 3.8 24.4=%29 235+ 3.1 29.6 £ 5.5 25.1 * 3.6
HbA. (%) 8.0 % 2.1 8.1=% 1.6 53%+0.3 7.3+ 1.9 47+ 04




non-diabetic controls. Replication 5 (Caucasian) was recruited from Sweden and

contained 2,830 cases and 3,740 controls. The general features of each panel are shown

in Table 1.

The protocol was approved by the ethics committee of each institution; the study

number in National Center for Global Health and Medicine was D0001. Written

informed consent was obtained from all subjects.

Study design

The multistage GWAS in JGS was designed as collaboration of five diseases, and the

grand design (Figure 1), has been described previously [7]. Briefly, 188 patients for

each disease at the first stage (panel 1 for diabetes) were recruited for genotyping of

100,000 SNPs deposited in the JSNP database [6]. The 187 diabetic subjects were then

compared with two different sets of control groups. One was referred to as the “JSNP

database control” (JDC), which was the reference frequencies of SNP alleles derived

from 752 Japanese subjects. The other was the “other disease group” (ODG), which was

allele or genotype frequencies obtained from four other disease groups (gastric cancer,



hypertension, Alzheimer’s dementia and asthma) combined in the first stage of JGS.

a

el [ 100,000 8NP |

Cases 188 (vs.reference SNP -

frequency of JSNP database 1st scan Typing platform:
control (JDC)) Invader

Cases 188 (vs. otherfour 537 SNPs fram the analysis with JOC
diseasegroups(ODG)) Q 1,768 SNPs from the analysiswith ODG

574 SNPs from the analvsis with both

2,880 SNPs

Panel 2

Cases 752vs. controls 752 2nd scan Invader
Sanel 3 A3 0'05J L 201 SNPs
ane
Cases 672 vs. controls 672 3rd scan SSP-PCR-FCS
P<0.05
ﬁ | 10 SNPs(7 genes) |
Panel 2+3 _
Cases 1,424 vs. Dense mapping | ssp-pcr-Fcs
controls 1,424 an alys is TagMan
b - ™
o
Alzheimer's
JDC ODG 188 cases
(JSNP Database Control) (Other Disease Group) 7 s
I Diabetes ;
! 18Bcases |
JSNP allol au @ Coanesasanaseessd
allele : iabetes § -
frequencies : 1[‘)6I:blt:.e, : “ Gactric cancer

R 183 cases

..............

752 Japanese
volunteers

.
13

-

Hypertension

188 caces

-
Asthma
188 cases
5

Figure 1. Design of the JSNP Genome Scan (JGS) for type 2 diabetes

a, In the first stage of the JGS, 188 cases for type 2 diabetes were genotyped
for 100,000 SNPs by multiplex PCR-based Invader analysis. Two additional
rounds of screening followed by dense mapping analysis were then performed
as indicated. b, The SNP typing in the first stage of the JGS was followed by
two case-reference association analyses with either reference allele frequency
in the JSNP database(JDC) or allele (or genotype) frequency in the other four
disease groups combined(ODG).



By two association studies, 2,880 SNPs were chosen in the order of their P value for the

next stage.

Panel 2 consisting of cases and controls was typed in the second stage, and 201 SNPs

positive for association (P < 0.05) were selected. In the third stage, another independent

panel (panel 3) was investigated, and for the 10 SNPs positive for association (P < 0.05),

I combined the data of panel 2 and panel 3 (panel 2+3) and reassessed the association

with 1,424 cases and 1,424 controls. My collaborators checked for stratification in panel

2 and panel 3 by typing of another 28 ‘neutral’ SNPs followed by several methods

including principal component analysis (PCA), the chi-square test , and STRUCTURE

analysis (http://pritch.bsd.uchicago.edu/software.html), and they reported to me that

there were no stratification suggested between cases and controls(data not shown).

Dense SNP mapping for KCNQ1

I picked up 49 SNPs of KCNQ1 from dbSNP (NCBI), and the interval was around ~10

kbp on average. I then typed them together with the three positive SNPs in the third

stage in panel 24 3. For comprehensive identification of genetic variation in Japanese,

my collaborators re-sequenced all the exons, a putative promotor region (up to 4 kbp



upstream from the transcription start site), and 47-kbp region including intron 15 of

KCNQI in twenty-four Japanese people. Ten SNPs were selected on the basis of LD

and MAF (>10%), and these 10 SNPs and the two novel nonsynonymous variants were

genotyped in panel 2+3. In total, 64 SNPs in KCNQ1 were examined in panel 243, and

18 SNPs of them were located between rs151290 and rs2237895.

Typing methods

In the first and second round of scan, genotyping was performed using the multiplex

polymerase chain reaction (PCR)-based Invader assay (Third Wave Technologies,

Madison, WI) as described previously [8]. In the third scan and for dense mapping and

replication panels, genotyping was performed either by sequence-specific primer

(SSP)-PCR analysis followed by fluorescence correlation spectroscopy (FCS) [9] by

my collaborators, or real-time PCR analysis using TagMan probes (Applied

Biosystems, Foster City, CA).

Statistical analysis and in silico analysis

As described, I evaluated two case-control associations in the first screening. For

comparison with ODG, I examined allele or genotype data in 2 x 2 contingency tables
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using dominant or recessive models, and for comparison with JDC where genotype

data were unavailable, only allele data were used. In the later stages, allele data were

analyzed using the chi-square test. LD was analyzed with my collaborators using

Haploview 3.31 software. A P value of <0.05 was considered statistically significant.

Genotype-based analyses were also performed for 10 positive SNPs in the third scan,

1s2237892 and rs2074196 using the Cochran-Armitage trend test. For meta-analysis,

the Mantel-Haenszel method was applied based on fixed-effects models with the “meta”

package of the R-Project (http://www.r-project.org) with my collaborators. For

analyzing the predicted transcription factor binding sites, SNPInspector in Genomatix

software suite (Miinchen, Germany) was used according to the company’s instruction.

Results

Identification of KCNQI as a potential susceptibility gene for type 2 diabetes

mellitus by multistage genome-wide association study

In the first screening of the study, data for 82,343 autosomal polymorphisms out of

100,000 SNPs genotyped passed the typing quality control in 187 diabetic subjects; no

11



genotype call was yielded for one subject in panell. The collaborators working on

other diseases reported to me that they no significant population stratification was

detected among the five first-stage panels by standard methods; for genomic control

analysis 1,025 SNPs were selected and inflation factor was 1.06. The genotype-based

analysis was performed with dominant and recessive models. Firstly, I selected SNPs

of following features: 1)MAF was higher than 10% and 2) either an allele OR higher

than 1.3 or a genotype OR of higher than 1.5 in either association analysis. Only one

SNP was chosen among the SNPs in strong LD (+* > 0.9). By combining the two types

of association analysis I selected 2,880 SNPs for the second screening; 1,111 SNPs

were from comparison with JDC and 2,343 SNPs were recruited by the analyses with

ODG.

In the second stage, an independent panel (panel 2) was assessed by multiplex Invader

analysis. No results were obtained for 38SNPs at all in panel 2, and five and three

SNPs did not work for the case or the control groups, respectively I could not annotate

seven probes on the human genome. As a result, 2,827 SNPs generated valid data, and

12



their call rate was 0.993. In total, 201 SNPs positive for association (P < 0.05) were

selected based on the allelic data (Table 2).

Table 2: The 201 SNPs selected for the third screening

JSNP ID dbSNP ID (rs#) Al A2 Chr Gene symbol P value
IMS-JST049162 1884455 T C 1 TMEMS5?2 0.0259
IMS-JST007804 2071983 A G 1 PER3 0.0309
IMS-JST057570 228669 T C 1 PER3 0.0466
IMS-JST021870 2268176 A C 1 H6PD 0.0426
IMS-JST003807 2075931 A G 1 0.0382
IMS-JST031168 2282231 A G 1 MACFI 0.0342
IMS-JST050273 2296172 A G 1 MACFI 0.02
IMS-JST050275 2296173 A G 1 MACFI 0.033
IMS-JST050277 2296175 A G 1 MACFI 0.017
IMS-JST084449 3738676 T G 1 BMP8A4 0.0317
IMS-JST122936 3768320 T C 1 PABPC4 0.0033
IMS-JST014761 2242500 A G 1 PABPC4 0.0471
IMS-JST056578 2300743 A C 1 BMPSB 0.0386
IMS-JST120706 3766321 G C 1 SCMH]I 0.0394
IMS-JST148096 3790857 A G 1 PGM1I 0.0045
IMS-JST147894 3790684 T C 1 NTNGI 0.0344
IMS-JST107445 3754446 T G 1 GSTM5 0.0032
IMS-JST031268 367199 A C 1 LRRCS52 0.0294
IMS-JST031269 2252342 A G 1 LRRCS52 0.0188
IMS-JST003629 2067079 A G 1 0.0431
IMS-JST006299 1042295 T A 1 MYBPH 0.0266
IMS-JST084501 3738722 T C 1 ITPKB 0.0292
IMS-JST084907 3739076 A C 2 OTOF 0.0165
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IMS-JST105793
IMS-JST100718
IMS-JST125211
IMS-JST002601
IMS-JST126994
IMS-JST067763
IMS-JST079923
IMS-JST059133
IMS-JST059129
IMS-JST189945
IMS-JST164054
IMS-JST043167
IMS-JST066554
IMS-JST127991
IMS-JST108765
IMS-JST108767
IMS-JST035528
IMS-JST129109
IMS-JST046313
IMS-JST034819
IMS-JST034818
IMS-JST127578
IMS-JST081099
IMS-JST064111
IMS-JST1315%4
IMS-JST013349
IMS-JST154793
IMS-JST154792
IMS-JST109359
IMS-JST183130
IMS-JST013357
IMS-JST109355

3752916
3748926
3770291
2075171
3771868
2272535
3214040
2228171*
2302693
3828435
3804992
2290972
2271615
3772759
3755676
3755678
2245285
3773759
2293252
2284843
2284842
1016226
3736651
2306475
3775936
2241474
3796822
3796821
3756225
3822239
13441
3756222
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SPAST

SRBD1

TACRI
FMNL?
GALNTS
LRP2*
LRP2
ITPRI
ITPRI
HHATL
SLC6A420
KALRN
KALRN
KALRN
PLXNDI

MRAS
DGKG
DGKG
OPAl
TFRC
CTBPI
WDRI
WDRI
WDRI
WDRI
WDRI
WDRI

WDRI

0.0219
0.0315
0.0064
0.008
0.0423
0.0155
0.0078
0.0365
0.0068
0.0114
0.0168
0.0097
0.0039
0.0085
0.0232
0.0061
0.0212
0.0421
0.022
0.0282
0.0422
0.0085
0.0287
0.026
0.0125
0.0082
0.0115
0.0118
0.0102
0.0097
0.01
0.0108



IMS-JST064519
IMS-JST063967
IMS-JST073768
IMS-JST087505
IMS-JST170668
IMS-JST059490
IMS-JST171837
IMS-JST115385
IMS-JST109533
IMS-JST024450
IMS-JST158738
IMS-JST004143
IMS-JST050811
IMS-JST088492
IMS-JST088493
IMS-JST173652
IMS-JST157238
IMS-JST172130
IMS-JST009469
IMS-JST030819
IMS-JST004796
IMS-JST015963
IMS-JST015941
IMS-JST159553
IMS-JST021272
IMS-JST088939
IMS-JST057858
IMS-JST024358
IMS-JST135637
IMS-JST027974
IMS-JST066245
IMS-JST047402

2306802
2069763
2277005
476569
230755
2302979
2617280
34012
245821
2270068
3800311
13408
2233647
3734687
3734688
1041523
3798976
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ZKSCAN4
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0.0355
0.0291
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0.0055
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0.0389

0.013
0.0456
0.0444
0.0437
0.0128
0.0066
0.0153
0.0187
0.0356
0.0051
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0.0425
0.0363
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IMS-JST050114
IMS-JST051875
IMS-JST170752
IMS-JST069940
IMS-JST069942
IMS-JST069944
IMS-JST059294
IMS-JST052119
IMS-JST045854
IMS-JST063876
IMS-JST117606
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IMS-JST072368
IMS-JST026713
IMS-JST053885
IMS-JST072366
IMS-JST034199
IMS-JST021788
IMS-JST092942
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IMS-JST079952
IMS-JST018939
IMS-JST063348
IMS-JST063352
IMS-JST027689
IMS-JST010253
IMS-JST070246
IMS-JST030323
IMS-JST140012
IMS-JST032893
IMS-JST032892
IMS-JST010357
IMS-JST078876
IMS-JST013547
IMS-JST030870
IMS-JST005764
IMS-JST005982
IMS-JST064933
IMS-JST061974
IMS-JST141104
IMS-JST094435
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2279124
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2275997
2284396
2268123
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ACTN3
ALDH3B2
CASP4
CADMI
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KRT4
NACA
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ATXN2
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0.0208
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0.0085
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0.0164
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IMS-JST028440
IMS-JST011194
IMS-JST140996
IMS-JST011595
IMS-JST188942
IMS-JST099282
IMS-JST044867
IMS-JST003298
IMS-JST141811
IMS-JST141777
IMS-JST141732
IMS-JST078582
IMS-JST013992
IMS-JST063083
IMS-JST162444
IMS-JST006051
IMS-JST026347
IMS-JST044529
IMS-JST042509
IMS-JST178518
IMS-JST048568
IMS-JST068410
IMS-JST169500
IMS-JST113955
IMS-JST065141
IMS-JST044204
IMS-JST044205
IMS-JST095369
IMS-JST068758
IMS-JST025722
IMS-JST043425
IMS-JST188066

2280306
2239858
756559
2240143
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2251666
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2241955
2305698
3803593
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ZNF291
PCSK6
PCSK6
SRRM?2
N-PAC/ROGDI
UBNI
UBNI
PPL
A2BPI
A2BPI
A2BPI
EXODI
GNAOI
CPNE?2
KATNBI

HPR

KIAA0513
LLGLI
TOP34
TOP34
SHMT1I

NEKS
CALCOCO2
SNF8§
GIP
GIP

MFSD11/SFRS2

KIAA1881/HDGF?2

JMJD2B
ELAVLI

0.0383
0.0095
0.0475
0.0176
0.0121
0.0024
0.0149
0.0087
0.0456
0.0231
0.0054
0.0306
0.0319
0.02
0.049
0.0221
0.0034
0.0384
0.0132
0.0103
0.0146
0.0168
0.0308
0.034
0.0265
0.0238
0.0157
0.0229
0.0347
0.0465
0.0252
0.0281



IMS-JST118565 16006 T C 19 CACNAIA 0.0023
IMS-JST040327 2288933 A G 19 TIMMS50 0.0096
IMS-JST039026 2002926 A G 19 CEACAMS 0.0161
IMS-JST026395 2278902 T G 19 0.0067
IMS-JST114219 2547337 T A 19 0.0487
IMS-JST061536 36615 T C 19 RPS9 0.0485
IMS-JST 144420 574628 A G 20 ANGPT4 0.0366
IMS-JST021496 362988 A G 20 SNAP25 0.0049
IMS-JST116298 789434 T C 20 0.0195
IMS-JST015913 11274 A G 20 C200rf111 0.0127
IMS-JST015915 731498 T C 20 C200rf111 0.0273
IMS-JST152860 2780231 T C 20 ZNF334 0.0084
IMS-JST012770 2241030 A C 22 0.0373
IMS-JST011340 2239959 A G 22 AIFM3 0.0338
IMS-JST072336 179468 T G 22 C220rf16 0.0432
IMS-JST007170 2071621 A G 22 NF2 0.0139
IMS-JST029513 2246092 A G 22 TMPRSS6 0.0247
IMS-JST075214 3213555 A G 22 PSCD4 0.0009

P values were calculated for allele data in panel 2.
Positions and gene symbols are derived from the dbSNP database (build 127) ,
UCSC Genome Browser, or from the JSNP database.

A1l and A2 represent alleles 1 and 2; Chr, chromosome.

At the third stage, one SNP failed to be typed at all and the call rate for the other 200

SNPs exhibited the call rate of 0.990 by SSP-PCR-FCS analysis. Ten SNPs yielded a P

value of <0.05 (Table 3). The most significant association was obtained with

rs2237895 (P = 3.4 x 10°°), which resides in intron 15 of KCNQI gene on chromosome

11. Interestingly, another two SNPs in the same intron (rs151290 and rs163184) were
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Table3 10 Positive SNPs identified in the third screening

Risk Panel 1 (187 cases)
dbSNPID allele Chr Gene  —RAFDM) RAF(NC) OR (95% CI) P value Control
15151290 C il KCNOI 0.63 0.57 1.30(1.03-1.65) _ 0.027 ODG
rs163184 G 1 KCNO! 0.51 043 133(1.06-1.67)  0.015 DC
152237895 C 1 KCNO!I 0.45 035  1.53(1.22-1.93) 2.8x10* DC
152250402 C 15 EIF24K4 0.2 027  1.45(1.09-1.93)  0.011 DC
152307027 C 12 KRT4 0.14 022 1.68(1.202.36)  0.0024 ODG
153741872 C 12 FAM60A 0.29 023 1.37(1.06-1.76)  0.015 0ODG
1s574628 G 20 ANGPT4 0.56 0.64  1.38(1.09-1.74)  0.0066 0ODG
152233647 G 6 SPDEF 0.92 0.86  1.87(1.07-3.27)  0.026 0DG
153785233 C 16 A2BP1 0.2 0.17  1.20(0.90-1.61) 0.22 0DG
152075931 A 1 0.71 0.64  1.37(1.07-1.75)  0.013 0DG
Risk Panel 2 (752 cases, 752 controls)
dbSNP 1D allele Chr Gene  —RAFDM) RAF(NC) OR (95% CI) P value
15151290 C 1 KCNOI 0.62 055 134(1.16.1.55) 7.4%x10°
rs163184 G 1 KCNOI 0.49 044  1.22(1.06-1.41)  0.0064
152237895 C 1 KCNO!I 0.42 033 1.49(1.28-1.73)  1.4x107
152250402 C 15 EIF24K4 0.24 021  1.20(1.01-1.43)  0.035
152307027 C 12 KRT4 0.2 0.17  1.23(1.02-1.47)  0.031
1s3741872 C 12 FAM604 0.29 024 1.29(1.09-1.52)  0.0024
1s574628 G 20 ANGPT4 0.65 0.61  1.17(1.01-1.36)  0.037
152233647 G 6 SPDEF 0.88 0.86  1.24(1.00-1.54)  0.047
153785233 C 16 A2BPI 0.19 0.16  1.25(1.03-1.51)  0.023
152075931 A 1 0.68 0.65 1.17(1.01-1.37)  0.038
Risk Panel 3 (672 cases, 672 controls)
dbSNPID allele Chr Gene R AF(DM) RAF(NC) OR (95% CI) P value
15151290 C 1 KCNOI 0.61 054 136(1.16.1.58) LIx107
rs163184 G 11 KCNQOI 0.48 042 1.27(1.09-1.48)  0.0021
152237895 C 1 KCNOI 0.42 033 1.45(1.24-1.70)  3.4x10°
152250402 c 15 EIF24K4 0.26 021  1.34(1.11-1.60)  0.0018
152307027 C 12 KRT4 0.21 0.16  1.37(1.12-1.67)  0.0017
153741872 C 12 FAMG60A 0.28 023  1.28(1.07-1.52)  0.006
1s574628 G 20 ANGPT4 0.64 0.59  1.28(1.10-1.50)  0.0018
152233647 G 6 SPDEF 0.89 0.86  1.29(1.02-1.62)  0.033
153785233 C 16 A2BP1 0.19 0.16  1.23(1.01-1.50)  0.039
152075931 A 1 0.68 0.64  1.18(1.00-1.38)  0.048

P values were calculated for allele data.
For panel 1, two control groups (ODG, other disease group; JDC, Japanese database control) were used for association studies and the
lower P values are listed.
Chr, chromosome. RAF(DM) and RAF(NC), risk allele frequencies in cases and controls, respectively. OR, odds ratio for risk allele.
aThis SNP was selected for the second stage based on the recessive model (OR = 2.59, CI =1.20-5.58, P=10.012)

also included in the list. When two panels were analyzed in combination (panel 2+43),

all of the 10 SNPs yielded even lower P values. The genotype-based trend test gave

similar results (data not shown).

Dense SNP mapping for KCNQ1
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The standard criterion of genome-wide significance previously proposed for GWASs
was P value of <5 x1077 [10]. Since KCNQ1 was the only gene that closely reached
this level, I decided to further analyze this gene. The three SNPs in KCNQ1 identified

at the third scan were in moderate LD with each other (Figure 2).
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*Figure 2. Dense mapping analysis of KCNQ7. The top panel shows the association —log+[P
value] in panel 2+3 for 64 SNPs of KCNQ1. The three blue circles represent the positive SNPs in
the third screening. The red circle (rs2237892) indicates the SNP showing the most significant
association with type 2 diabetes. The upper middle panel shows the physical position of KCNQ1
and neighboring genes on chromosome 11. The lower middle panel shows the positions and rs
numbers of the 52 previously identified SNPs. Blue rectangles indicate the positive SNPs in the
third screening. The bottom panel shows a Haploview representation of LD (D') based on
genotyping data from control subjects in panel 2+3 (n = 1424).
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For rs2237895 and rs163184, D' and r* values were 0.83 and 0.46, respectively. When

I genotyped these three SNPs and the additional 49 SNPs picked up from NCBI dbSNP

in panel 243 (Figure 2), rs2237892, another SNP located in intron 15, exhibited the

strongest association with the disease (P = 6.7 x 107"), and an odds ratio (OR) was

1.49 (95% confidence interval (CI) was 1.34 to 1.66) (Table 4). The D' and r* values

for rs2237895 and rs2237892 were 0.95 and 0.30, respectively.

Re-sequencing in 24 Japanese subjects of KCNQ! gene including the 47-kbp genomic

region corresponding to intron 15 revealed 212 variations. I then typed 10 variants in

intron 15 and the two nonsynonymous variants (P448R and G643S) in panel 243, but

none of them exceeded rs2237892 in association (data not shown).

Replication studies and meta-analysis of the association of KCNQ1 with type 2

diabetes mellitus

Since the three SNPs, rs2237892, rs2237895, and rs2074196 in KCNQI showed the

strongest association with diabetes. I next asked my collaborators to test the

association in several independent panels. I received the typing data and performed

association analysis. In the two new Japanese panels, replication panel 1 and 2, a
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strong association with diabetes was reproduced (Table 4); for example, the allelic P

values of 152237892 were 9.6 x 107" in the replication 1 panel and 6.9 x 107" in the

replication 2 panel. When I combined these data with panel 2+3, 4,378 cases and 4,412

controls in total were analyzed and an allelic P value for 1s2237892 reached 2.8 x10*

and an OR was 1.43 (95% CI =1.34 to 1.52).

Table 4 Association study summay for the three SNPs in KCNQ1 and type 2 diabetes

Meta-analysis

SNPID Eeslke Panel RAFDM)RAF(NC)  Puue OR 95% CI Puond OR (95% CI),
P value
152074196 G 2+3 (dense mapping) 0.63 0.55 1.7x107 1.39 1.25 1.54 1.8x 107
Replication 1 (Japanese) 0.61 0.54 1.4x107 1.32 1.19 1.46 2.1x107
Replication 2 (Japanese) 0.62 0.55 4.7x107 1.31 1.18 1.46 6.2%107
Al Jaﬂal';eifng‘:f;z)”ses’ 062 055  46x10% 134 126 142 9.8x10% 1';1(:'; 1-11 ,',422,)’
Replication 3 (Chinese) 0.71 0.63 1.2x10° 1.4 1.26 1.56 9.8x 1071
Replication 4 (Korean) 0.66 0.58 3.0x10° 1.39 1.19 1.62 2.1x10°
Al AS'““J::;?) f:;ses’ 6621 o6 057 99x10% 135 128 142 2110 lﬁi(;'; 5:110?
Replication 5 (Caucasian)  0.96 0.95 0.017 1.23 1.04 1.46 0.017
All NA NA NA NA NA NA NA 1;5:(; 62 2:11”45)’
152237892 C 2+3 (dense mapping) 0.69 0.6 6.7x 10" 1.49 1.34 1.66 1.7x 10"
Replication 1 (Japanese) ~ 0.66 0.59 9.6x 101 1.39 1.25 1.54 1.6x 107
Replication 2 (Japanese) ~ 0.68 0.6 6.9% 101 1.41 1.26 1.57 1.1x10°
Al Jaﬂal';eifng‘:f;z)”ses’ 068 059  28x10® 143 134 152 L7x10% 1';3:(31 3‘:11;23)
Replication 3 (Chinese) 0.72 0.65 1.3x10% 1.38 1.24 1.55 42x107
Replication 4 (Korean) 0.69 0.61 1.7x10° 1.41 1.21 1.65 1.0x10°
Al AS‘““J::;?) l“:;ses’ 621 060 061 20x100 141 134 148 25x107 1';,‘2:(21 53‘;,1;,90)
Replication 5 (Caucasian) ~ 0.95 0.93 7.8x10* 1.29 1.1 1.5 7.2%10*
All NA NA NA NA NA NA NA 1;2(11 ;’A:(_llﬂiz)’
152237895 C 2+3 (dense mapping) 0.41 0.33 3% 101 1.44 1.3 1.61 4.0x 101
Replication 1 (Japanese) ~ 0.38 0.33 4.5%10° 1.25 1.12 1.38 47x10°
Replication 2 (Japanese) ~ 0.41 0.34 5.8x10°% 1.35 1.21 L5 5.5%10°%
Al Ja‘&“l';ezzl(l‘:f;‘:)mes’ 04 033 13x10® 134 126 143 L7X10% lﬁi(ll'ji"llﬁ,)’
Replication 3 (Chinese) 0.4 0.34 3.5%10° 1.25 1.12 1.39 3.4%10°
Replication 4 (Korean) 0.35 0.3 3.2x103 1.27 1.08 1.49 2.7%103
Al As'a"c(::tsri lc:;“s’ 6621 o3 033 27x10% 131 124 138 27X10% 1',31:(61 Izi_,lofz?
Replication 5 (Caucasian) NA NA NA NA NA NA NA

RAF(DM) and RAF(NC), risk allele frequencies in cases and controls, respectively.
Pallele values were calculated for allele data. OR, odds ratio for risk allele.

Ptrend values were calculated by the Cochran-Armitage trend test. Meta-analysis was performed by the Mantel-Haenszel method (fixed-effects models). NA, not

applicable.
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The association was also confirmed by my collaborators in East Asia. The allelic P

value for rs2237892 in the replication 3 panel (Han Chinese) was 1.3 x 10~ and in

replication 4 panel (Korean) was 1.7 x 107 (Table 4). Then I performed a

meta-analysis of the Asian panels for the association of rs2237892 with diabetes, and a

P value was 2.5 x 10 and an OR was 1.42 (95% CI = 1.34 to 1.49). My collaborators

in North Europe also genotyped rs2237892 and rs2074196 in their panel (replication 5

panel), and found both SNPs showed a significant association in their populations (P =

7.8 x 10 and 0.017, respectively).

When I re-conducted a meta-analysis adding panel 5, a total number of the subjects

were 19,930 (9,569 cases and 10,361 controls) and the association for rs2237892 was

further confirmed; the P value now reached 1.7 x 10™* and an OR was 1.40 (95% CI =

1.34 to 1.47) (Table 4, Figure 3).
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Figure 3: Association of rs2237892 of KCNQ71 with type 2
diabetes. Allelic odds ratios and 95% CI (confidence intervals)
for the indicated sample panels are indicated by squares and
horizontal lines. Odds ratios and 95% CI obtained by meta-
analysis, as performed by the Mantel-Haenszel method (fixed-
effects models), are indicated by diamonds.

The impact of KCNQ1 SNP on the clinical phenotypes and potential transcription

binding sites

I next investigated the relation of rs2237892 with clinical phenotypes in panel 2+3.

Among 1,424 cases, this SNP was not apparently associated with body mass index
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(BMI). Fasting plasma glucose and insulin levels were available with 948 non-diabetic

control subjects, and CC homozygotes (C for the risk allele) exhibited a significantly

lower HOMA-[3 compared with those with the other genotypes (Table 5). This result

suggested that the risk allele of KCNQI might increase the risk of diabetes through

impaired secretion of insulin.

Table5 The relation of rs2237892 of KCNQ1 to clinical phenotype
Clinical characteristics according to genotype for rs2237892 of KCNQ1

(Japanese controls in panel 2+3)

CC(n=353) CT+TT(1n=595) P  AdjustedP

BMI (kg/m?) 223+28 22.7+2.9 0.035 0.16"
HOMA-IR 1.50 + 1.03 1.57 + 1.00 0.13 0.41°
HOMA-B 81.7+57.9 94.3 + 84.3 0.0024  0.021°

Data are means + SD. “P value after adjustment for sex and age.

°p value after adjustment for sex, age, and BML.

Finally, I investigated whether the risk alleles of rs2237892 and rs2237895 might
change the predicted transcription factor (TF) binding motifs. By SNPInspector, each

risk allele either generated or extinguished several TF binding sites (Table 6), and
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among them there were some binding motifs for TFs which may have some functional

implications in pancreatic f3 cells, such as PTF1 (pancreas transcription factor 1) or

IA-1 (insulinoma-associated 1).

Table 6 Changes in predicted transcription factor (TF) binding motifs by the risk alleles of rs2237892 and rs2237895.

SNPInspector in Genomatix software suite was used.

Seq. name Non-risk to lost/new |Family/matrix Further Information N!at.rix .
risk allele similarity
rs2237892 T->C lost [V$CTCF/CTCFL.O1 CCCTC-binding factor (zinc finger protein)-like (BORIS) 0.821
rs2237892 T->C lost |V$ZF02/ZNF300.01 KRAB-containing zinc finger protein 300 0.993
rs2237892 T->C lost |V$EBOX/USF.04 Upstream stimulating factor 1/2 0916
rs2237892 T->C lost |V$KLFS/EKLF.01 Erythroid krueppel like factor (EKLF) 0.901
rs2237892 T->C lost |V$SREB/SREBP.04 Sterol regulatory element binding transcription factor 0.961
rs2237892 T->C new [V$HICF/HIC1.01 Hypermethylated in cancer 1 0918
152237892 TS¢ new  [V$SNAP/PSE.01 Proxmél sequence element (PSE) of RNA polymerase II- 0776
transcribed snRNA genes
rs2237892 T->C new [V$ZTRE/ZTRE.O1 ZTRE motifs (1 bp spacer), ZNF658 binding site 0.86
152237895 A->GC lost [V$RXRF/RAR RXR.O1 Ret|n9|c acid receptor / retinoid X receptor heterodimer, 078
DR1 sites
rs2237895 A->C lost |[V$NOLF/EBF1.01 Early B—cell factor 1 0.89
12237895 A->C lost |VSRORA/RORA.02 F\‘-AR.—reIa.ted orphan receptor alpha, homodimer DR5 0.751
binding site
rs2237895 A->C lost |V$INSM/INSM1.01 Zinc finger protein insulinoma-associated 1 (IA-1) 0.907
rs2237895 A->C new [V$GCF2/LRRFIP1.01 Leucine rich repeat (in FLII) interacting protein 1 0.845
rs2237895 A->C new [(V$PTF1/PTF1.01 PTF1 (Pancreas transcription factor 1) binding sites 0.775
Discussion

Although this study started with a small number of subjects for GWAS, the multistage

strategy for GWASs is expected to be effective to reduce false positive associations

and has proven much successful [11]. Indeed, I was able to identify KCNQ1 as a

susceptibility gene for type 2 diabetes in the JGS. KCNQI is located at chromosome
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11p15.5, and it is relatively close to 11p13-p12 region which was linked to type 2

diabetes in two reports of affected Japanese sib-pair analyses [12,13]. KCNQ1 was also

associated with diabetes in two Asian panels, and it was thus established that KCNQ/

confers susceptibility to type 2 diabetes in East Asians. I further confirmed the

significant association in Caucasians. Considering two early GWAS reports with

Caucasians [4, 5] failed to identify KCNQ! as a diabetes gene, I decided to examine

the available data sets with my collaborators. Within the LD block of KCNQI showing

association with diabetes in Japanese, 11 SNPs in the WTCCC data set [4] and nine

SNPs in the DGI data set [5], respectively, had been genotyped in the projects, but the

association was only marginal if any. This apparent discrepancy may be mainly

attributable to the allele frequencies of the causative SNPs (for example, in East Asians

the MAF of rs2237892 was 0.28 to 0.41 but in Caucasians as low as 0.05 to 0.07).

Indeed, when I looked into a large dataset of recent meta-analysis of three big GWASs

(WTCCC, DGI and FUSION: http://www.well.ox.ac uk/DIAGRAM)," the risk alleles

in KCNQ1 were now associated with diabetes in Caucasians (P = 0.01 for rs2237892

and P =0.012 for rs2074196). These results not only provide further support that
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KCNQI is associated with diabetes in multiple ethnic groups, and but also demonstrate

the need to extend GWASs to every population.

KCNQI encodes a subunit of a voltage-gated potassium channel (KvLQT1); this

channel plays a pivotal role in regulating the membrane potential in the repolarization

phase in heart. It was already reported that mutations in this gene can cause long QT

syndrome (for example, Romano-Ward syndrome [14]) and familial atrial fibrillation.

The expression of this potassium is also reported in a variety of tissues including the

pancreas. The KCNQI protein is expressed in insulin-secreting INS-1 cells, and seems

functional since in the presence of tolbutamide, a KCNQI1 blocker augmented insulin

secretion [15]. The lower HOMA-f} in the homozygotes of rs2237892 risk allele

among Japanese may be interesting in this sense.

However, as the susceptibility variants are located in introns, there are several other

possibilities. Alternative splicing can generate several variants for many kinds of ion

channels, and multiple splice variants KCNQ! mRNA were also reported; it is not

known whether the identified SNPs in intron 15 can modulate the alternative splicing

pattern in human pancreatic islets. It is also interesting to speculate that the SNPs
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conferring susceptibility of diabetes may affect the expression of other causative genes

located in the genome close to KCNQ!. By in silico assay, I found several transcription

factor (TF) binding sites to be generated or disrupted by SNPs (Table6), and some of

these TFs are expected to play functional roles in pancreatic 3 cells. My lab also

screened the proteins in a pancreatic 3 cell line that differentially bind to the alleles in

the SNP region using magnetic nanobeads, and reported several candidate proteins

with several SNPs [16]. The genomic region including KCNQ] is genetically imprinted,

and my colleagues published a paper describing that genetic manipulation of

imprinting in this locus in mice may lead to impaired insulin secretion by increased

expression of a nearby gene Cdknlc [17]. I did not find any microRNA harboring

rs2237892 in the miRBase database (http://microrna.sanger.ac.uk/sequemces). Further

studies are necessary to elucidate the molecular mechanism how the risk allele of

KCNQI confers susceptibility to diabetes.

I may have missed a substantial number of susceptibility genes in our screening, since

the strategy adopted in 2002 lacks sufficient analytical power [7] compared with

currently available technologies. In this sense, the detection power of the first two
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stages for JGS had been previously simulated by my collaborators [7]. If risk SNPs had

an odds ratio of 1.5 and a risk genotype frequency was 30%, detection sensitivity will

be expected as approximately 13%. Thus, KCNQI turned out to be a good (and maybe

the only) target of this kind of strategy for type 2 diabetes in Japanese.

Several comprehensive studies based on new platforms for GWASs were published

Jjust before this report, with approximately 10 genes reproducibly found to be

associated with type 2 diabetes in Caucasians [18-21] . None of the these genes

showed a positive association in the JGS typing data. Given that some of these genes

conferred susceptibility to diabetes in Japanese subjects [22, 23], the lack of

association in this study may be related to the limited sample size of the first scan or to

the weak LD between the SNPs we used and the causative variants.

When this study was published [24] in 2008, an independent GWAS from Japanese

was also reported [25] at the same time. Surprisingly, the other report also identified

SNPs in KCNQ/1 intron 15 with very similar effect sizes, strongly suggesting that

KCNQI is a susceptibility gene for type 2 diabetes in Japanese. Since then, numerous

studies supporting the association of KCNQ1 with type 2 diabetes mellitus were
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reported in both Asians and Caucasians. KCNQ1 remains the most relevant

susceptibility gene for type 2 diabetes in most studies in Asians. Several genetic

prediction models of diabetes with multiple SNPs including KCNQ/ variants were

constructed, and subtle but distinct prediction powers were demonstrated [26]. My

colleagues and I also found that KCNQ! is associated in an increased risk of diabetes

incidence in a prospective cohort [27]. The variants are also reported to be associated

with other related disorders such as diabetic complications and responses to

anti-diabetic drugs including sulfonylureas and DPP4 inhibitors. Thus, the role of

KCNQI as the major diabetes susceptibility gene has been established.

In genetic studies of type 2 diabetes, this study can be regarded as a kind of landmark

paper for several reasons.

1) This is the first report of a GWAS to examine type 2 diabetes in a non-European

population, which identified the novel susceptibility gene KCNQ! ; this gene was

not previously identified in GWAS of Caucasians.

2) The association of KCNQI was reproduced not only in East Asians but also in

Caucasians. Thus, KCNQI is a diabetes susceptibility gene in multiple ethnic
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3)

4)

groups.

The main reason that KCNQI was not detected in previous GWAS is its lower

minor allele frequency (MAF) in Caucasians. Interestingly, in Caucasians TCF7L2

is the most important diabetes gene and the MAF of risk SNPs is approximately

30%, while that Japanese people is only 5%. This may be considered as a mirror

image of the case of KCNQI. Thus, even trans-ethnic susceptibility genes with

substantial effect sizes can be identified only by GWAS in specific populations,

and this study clearly revealed the value of conducting GWAS for each ethnic

group. This has important implication for genetic studies of various common

diseases. This may also partly explain the ethnic difference in the genetic structure

of the same disease.

Finally, although KCNQI is the strongest diabetes gene detected in Asians, the

effect size of the variants is still modest; the odds ratio was approximately 1.4. This

implies a universal rule for which the most common variants are associated with

common diseases.

Since this study was published, genetic studies of type 2 diabetes mellitus by GWAS
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have shown numerous important rules. GWAS is based on the ‘common disease

common variant hypothesis’ and has been extended mainly in two directions; one is to

increase the number of SNP markers and density of coverage, while the other is to

include a much larger number of subjects. The former was made possible by improved

platform for microarrays and an imputation method which takes the linkage

disequilibrium information of the human genome into consideration. The other was

achieved by incorporating and combining many GWAS data by meta-analysis. Genes

with smaller effect sizes or more ethnicity-specific factors have been identified, and

approximately 100 diabetes susceptibility genes have been reported. I had the

opportunity to join several big GWAS projects after this study [28-30]. However, even

when all the GWAS-identified SNPs are combined, only a limited fraction of genetic

backgrounds for type 2 diabetes can be explained (some estimates were approximately

15%), and “missing heritability” has attracted increasing attention in genetic studies of

common diseases. This has led to the search for rare variants with large effect, and

whole exome sequencing (WES) and whole genome sequencing (WGS) are now being

performed extensively to this end. The interaction between genetic and environmental
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factors and the involvement of epigenetic modification are of great interest, and will

become major research targets in the future. In any case, the advantages and

disadvantages of GWAS are now clearly recognized, and this study may play an

important role in these advances.

In summary, I conducted a multistage GWAS for type 2 diabetes in Japanese and have

identified KCNQ| as a susceptibility gene, and confirmed association not only in East

Asians but also in Caucasians. These findings may provide new insight into the

pathophysiology of diabetes, and this study also elucidated the usefulness of GWAS

performed in different ethnic groups.
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