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Variants in KCNQI are associated with susceptibility to
type 2 diabetes mellitus
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We carried out a multistage genome-wide association study of  associated with impairment of insulin secretion according to
type 2 diabetes mellitus in Japanese individuals, with a total of  the homeostasis model assessment of f-cell function or the
1,612 cases and 1,424 controls and 100,000 SNPs. The most corrected insulin response. Our data thus implicate KCNQT as
significant association was obtained with SNPs in KCNQT, and  a diabetes susceplibility gene in groups of different ancestries.
dense mapping within the gene revealed that rs2237892 in

intron 15 showed the | t Pvalue (6.7 = 10", odds ratio In Japan, the prevalence of type 2 diabetes mellitus is increasing
(OR) = 1.49). The association of KCNQ1 with type 2 diabetes  rapidly, and more than 10% of individuals over 40 years of age are
was replicated in populations of Korean, Chinese and European  affected. Relatively few diabetic individuals in Japan are obese, and
ancestry as well as in two independent Japanese populations, impairment of insulin secretion often develaps before the onset of

and meta-analysis with a total of 19,930 individuals (9,569 diabetes'. As part of a national project designated the Millennium
cases and 10,361 conirols) yielded a P value of 1.7 x 10-% Genome Project in Japan, in 2002 we began a multistage genome-wide
(OR = 1.40; 95% C1 = 1.34-1.47) for rs2237892. Among association study (GWAS) to identify disease-associated SNPs for
control subjects, the risk allele of this polymorphism was type 2 diabetes mellitus using 100,000 SNPs from a collection of
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Table 1 Positive SNPs identified in the third screening
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standard Japanese SNPs? (which we refer to as the [SNP Genome Scan
(1GS)), as part of the multi-discase collaborative genome scan
(Supplementary Fig. | online).

Among 100,000 SNPs genotyped by multiplex PCR-based Invader
analysis in the first stage of the study, 82,343 autosomal polymorph-
isms passed our typing quality control in 187 individuals with diabetes
(Supplementary Table 1 onlineg). We then carned out two separate
association analyses 1o compare the 187 individuals with diabetes with
two different control groups, which we considered as population

Is: one to compare allele frequencies with reference data for
?51 individuals representing the general Japanese population depos-
ited in the |]SNP database (referred to as the ']SNP database control’
(1DC)), and one to compare allele or genotype frequencies with those
of the 752 individuals in the initial panels for the other four disease
groups (Alzheimer's disease, gastric cancer, hypertension and asthma)
of the national project (referred to as the 'other disease group'
(ODG)). The combination of two types of association analysis resulted
in the selection of 2,880 SNPs for the second stage of the study. An
independent case-control panel (panel 2) was analyzed. and 201
positive SNPs (P < 0.05) were selected for the third stage (see
Supplementary Table 2a online). Ten SNPs yielded a P value of
<0.05 at the third stage using another case-control panel (panel 3;
Table 1 and Supplementary Table 2b). These SNPs showed vanable
P values in the frst stage, suggestive of a limited power of the study
design. The most significant association (P = 34 x 107%) was
obtained with rs2237895, which is located in intron 15 of KCNQL.
Another two SNPs (rs151290 and rs163184) were also located in the
same intron, yielding P values of 1.1 x 107* and 0.0021, respectively.
Panels 2 and 3 combined (panel 2+3) were analyzed for these 10 SNPs,
yielding even lower P values for all the SNPs (Supplementary
Table 2b). The genotype-based Cochran-Armitage trend test gave
P values similar to those based on the allele data (Supplementary
Table 2b).

We further analyzed KCNQ1, which was the only gene that yielded
positive results according to the standard criterion (P value of <5 x
1077) recently proposed for GWAS®. The three SNPs of KCNQ! that
passed the third scan (rs151290, rsl63184 and rs2237895) were in
moderate linkage disequilibrium (LD) with each other (Fig. 1). The
SNP with the lowest P value, rs2237895, yielded D' and  values of
054 and 0.12 with rs151290 and 0.83 and 046 with rsl63184,
respectively. We isolated 49 additional SNPs of KCNQ/I from dbSNP
of NCBI and typed them together with the three ongimally positive
SNPs in panel 243 (Fig. 1). Among these 52 SNPs, rs2237892, which is
also located in intron 15, showed the strongest association with
diabetes (P = 6.7 x 10 '), with OR =1.49 and 95% CI = 1.34-
1.66; the P value for the trend test was 1.7 = 10°'* (Table 2). The
D' and @ values for rs2237895 and rs2237892 were 095 and
0.30, respectively.

We also sequenced all the exons and the 47-kb genomic region
corresponding to intron 15 of KCNQ! in 24 Japanese individuals and
identified 212 variations, including three synonymous and two non-
synonymous (P448R and G643S) polymorphisms (Supplementary
Table 3a online). We then genotyped ten of the newly identified SNPs
of intron 15 and the two nonsynonymous polymorphisms in panel
243, None of these SNPs showed a stronger association with diabetes
than did rs2237892 (Fig. 1 and Supplementary Table 3b).

We next examined the possible association of KCNQ! with diabetes
in several additional subject panels, including those of vther ancestral
groups, by genotyping rs2237892, 52237895 and rs2074196, the three
SNPs that showed the strongest association in the original study. Two
independent Japanese panels revealed a strong association of these
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" Figure 1 Dense mapping analysis of KCNQI. The
ik 182237802 @ top panel shows the association ~log;q (7 value)
in panel 2+3 for 64 SNPs of KCNQL. The three
_ 1o} 152237895 @ blue circles represent the positive SNPs in the
; 2 third screening. The red circle (s2237892)
e 151200 (@), indicates the SNP showing the most significant
s st . assoclation with type 2 diabetes. The upper
middle panel shows the physical position of
3 4 16163184 @ KCNQI and neighboring genes on ch
B | § 444 11 {UCSC Genome Browser). The lower middle
A A Y A A panel shows the positions and rs numbers of the
. e & ‘ AL Shiant s Aad ga 52 previously identified SNPs. Blue rectangles
Lid #0000 ! ! ! 7000001 FTIO000] . 2800000 | 3800004 ndicate the positive SNPs in the third
s Mm‘mu Pit, GonBank wwnmm:&a?ilm' :n‘* ® the pos ": .:' H'. scresning.
.nc-!I 24 t 1t - bottom panel shows a Haplov
1 *

polymorphisms with diabetes (Table 2 and Supplementary Table 4
online); 52237892, for example, showed allelic P values 0f9.6 x 107"
and 6.9 x 107'" in the replication 1 and 2 panels, respectively. The
three Japanese panels (panel 243 and replication 1 and 2), which
included a total of 4378 cases and 4,412 controls, yielded an allelic
P value of 2.8 x 107 and OR of 1.43 (95% CI = 1.34-1.52) for
152237892, The association was also reproduced in the replication 3
(Chinese) and replication 4 (Korean) panels; the allelic P values for
152237892 in these two panels were 1.3 x 10°% and 1.7 x 1075,
respectively (Table 2 and Supplementary Table 4). Meta-analysis of
the Asian populations yielded a P value of 2.5 = 107 and OR of 1.42
(95% C1 = 1.34=1.49) for rs2237892. We also examined rs2237892
and 32074196 in the replication 5 panel (recruited from Sweden),
with both SNPs showing a positive association (P = 7.8 x 107* and
0.017, respectively). With the inclusion of the replication 5 panel,
meta-analysis with a total of 19930 individuals (9,569 cases
and 10,361 controls) yielded a P value of 1.7 x 10~% and OR of
1.40 (95% CI = 1.34-1.47) for rs2237892 (Table 2 and Supplemen-
tary Fig. 2 online).

We next investigated the relation of rs2237892 to clinical pheno-
type. Among 1,424 individuals with diabetes in panel 2+3, no
association was found between this SNP and clinical parameters
such as body mass index (BMI) and the level of insulin resistance.
Among the 948 control subjects in panel 2+3 whose fasting plasma
glucose and insulin levels were available, homozygotes for the risk

representation of LD (0F) based on genotyping
data from control subjects in panel 243
(n=1424),

allele of rs2237892 (CC) showed a signifi-
cantly lower h is model tof
Pecell function (HOMA-B)* than did those
with the other genotypes (Supplementary
Table 5 online). Among nondiabetic subjects
of the Botnia prospective cohort (Supple-
mentary Methods online), the corrected
insulin response (CIR) at the follow-up visit
was significantly lower for individuals with
the CC genotype of rs2237892 than for those
with the other two genotypes in both an
additive and recessive model for this SNP
(P = 0024 and 0.010, respectively; Supple-
mentary Table 5). These results suggested
that the risk allele of KCNQI might contri-
bute to diabetes susceptibility by impairing
insulin secretion.

The multistage strategy for GWASs has an
advantage in the effective elimination of a
large number of false-positive results and has proved to be successful®.
Indeed, we detected the association of several SNPs of KONQI with
diabetes in the JGS, and this association was reproduced in two
independent Japanese panels. KCNQI, which encompasses 404 kb, is
located at chromosome 11p15.5, not far from a candidate region at
11p13—p12 with suggestive evidence of linkage to type 2 diabetes in two
independent studies of affected Japanese sibpairs®’. We also repro-
duced the association of KCNQ1 with diabetes in Chinese and Korean
panels, establishing KCNQ! as a diabetes susceptibility gene for
populations of East Asian descent. We further showed the association
to be significant m individuals of European descent. Given that KCNQ!
was not implicated as a diabetes susceptibility gene in two recent
GWASs with individuals of European descent™, we examined SNPs of
KCNQI in the available datasets (Supplementary Fig. 3 and Supple-
mentary Table 6ab online). Within the LD block of KCNQI that
includes the SNPs associated with diabetes in fapanese, 11 SNPs in the
WTCCC dataset® and 9 SNPs in the DGI dataset” had been typed, and
none of them had been sclected for further amalysis. This apparent
discrepancy may be due mainly to the allele frequencies of the causative
SNPs (the minor allele frequency of rs2237892 was 0.28-0.4] and
0,05-0.07 in populations of East Asian and European descent, respec-
tively). Indeed, in a recent meta-analysis of three GWASs (DGI,
WTCCC and FUSION; see URLs section in Methods)'”, the risk alleles
of both rs2237892 and rs2074196 identified in the present study were
associated with an increased risk of type 2 diabetes (P = 0.01 and 0.0,
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Table 2 Association study results for SNPs in KCNQ1 and type 2 diabetes

Meta-analysis OR

SNP 1D Risk allele Panel RAFIDM)  RAF(NC) Pagte OR 95% Cl Progea 195% CI) P value
32074196 G 2+3 (dense mapping) 063 055 1,7x«10% 139 125 154 18«10
Replicanon 1 (lapanesa) 0.61 054 l4=1077 132 119 146 21«10
Replication 2 (lapaness) 0.62 0.55 47x107 131 118 146 B2x«107
All Japanese (4,378 cases, 4,412 controls) 0,62 055 46103 134 126 142 98 . 10% 1,34 (1.26-1.42),
P=48 10°%
Replication 3 (Chinese) 071 063 1.2x10% 140 1.26 156 98B« 10¥0
Replication 4 (Korean) 0.66 058 3.0x10°% 139 1.19 162 21«10%
All Asian (6,552 cases, 6,621 controls) 0.64 057 99x«10% 135 128 142 21 «10¥ 1.36(1.29-1.42),
P=79x10%
Replication 5 (European) 0.96 0.95 0.017 1.23 104 146 D.O17
Al n.a. n.a. n.a. na ha na ma., 1.35 (1.28-1.41),
P=86x10 %
2237842 c 2+3 (dense mapping) 069 060 67x10°1 149 134 166 1.7 «10°1
Replication 1 (Japanese) 0.66 059 96%10°19 139 1.25 154 1.6« 107
Replication 2 (Japanese) 0.68 060 69x10°0 141 1.26 157 11«10
All Japanese (4,378 cases, 4,412 controls) 0,68 059 28-10% 143 134 152 1.7 -107 143 (134152,
P-30x~102
Replication 3 (Chinese) 072 065 13x10® 138 124 1.55 4.2«10?
Replication 4 (Horean) 0.69 061 17«10°% 141 1.21 165 10«10%
All Asian (6,552 cases, 6,621 controls) 0.69 0.61 20x10% 141 1.3¢ 148 25«10 ¥ .42 (1.34-1.49),
Pu25x10%
Replication 5 (European) 095 083 78=10% 129 111 150 7.2« 104
AN n.a. n.a. n.a, na  na  na n.a. 1.40 (1.34-1.47),
P=17 x 104
152237895 c 243 (dense mapping) 041 033  3Ix10°Y 144 1.30 161 40«10°1
Replication 1 {Japanese) 0.38 033 45x10°% 1,25 1.12 138 4.7 x10"%
Replication 2 (lapanese) 0.41 034 58x10®% 135 121 150 55«108
All Japanese (4,378 cases, 4,412 controls) 0,40 033 13107 134 126 143 1.7 « 103 1.34(1.26-1.43),
P-14x10%
Repiication 3 (Chinese) 0.40 034 35x10°% 125 112 139 34 10%
Replication 4 (Korean) 0.35 030 32x10°% 127 108 149 27« 107
All Asian (6,552 cases, 6,621 controls) 0.39 033 27x10°%% 131 124 138 27103 1,31 (1,25-1.38),
P=6.1x 10"
Replication 5 (European) na, na. na, na na na na.

RAFIOMI and RAFINC], risk allele frequencies in cases and controls, respectively, Pusy, values were calculsted for allele data. OR, odds ratio for risk allele. Pyy.s valies were
calculsted by the Cochran-Armitage trend test. Meta-analysis was performed by the Mantel-Haerszel method (fixed-sffects models). n.a,, not applicable.

respectively). These results provide further support for KCNQ! as a
general susceptibility gene for diabetes, and they also highlight the need
to extend GWAS to different populations.

Alternative splicing has been found to generate several vanants of
KCNQ! mRNA (see Accession codes section in Methods), but we do
not know whether the identified candidate SNPs in intron 15 affect the
splicing pattern of the primary transcript. Although neighboring genes
seem 1o be located outside the LD block containing 52237892, we are
not able to exclude completely the possibility that the SNPs id

tified in

insulin-producing cells. We examined the abundance of Kengl mRNA
by reverse transcription and real-time PCR analysis in the islets of
12-week-old diabetic KK-Ay mice, which manifested both hyper-
glycemia and hyperinsuli The t of the mRNA was
significantly increased (P = 0.0004) by a factor of 1.6 compared
with that in the islets of C57BL6 contral mice (data not shown). The
KCNQI protein was previously shown to be expressed in insulin-
s«r:llng INS-1 cells, and the KCNQ1 blocker 2938 was found to

nsulin secretion in the presence of tolbutamide!”, 1t is also

the present study affect the expression of other causative genes, We did
not find any microRNA harboring rs2237892 in the miRBase database.

KCNQI encodes the pore-forming subunit of a voltage-gated K*
channel (KvLQT1) that is essential for the repalarization phase of the
action potential in cardiac muscle''. Mutations in this gene are
associated with cardiac diseases such as hereditary long QT syndrome
(Romano-Ward syndrome'? and Jervell and Lange-Nielsen syn-
drome'!) and familial atrial fibrillation'!. This K* channel is also
expressed in other tissues, including brain, adipose tissues and
pancreas'®'®. The lower HOMA-B or CIR apparent for CC homo-
zygotes of rs2237892 among Japanese and Europeans in the
present study may reflect a functional role for this channel in

possible that fine-tuning of the membrane potential by this channel
might modulate the survival of pancreatic B cells in the long term.
Further studies are necessary to elucidate the precise mechanism by
which the risk allele of KCNQ! confers susceptibility to diabetes.

We may have missed a substantial number of susceptibility genes in
our screening, given that the strategy we adopted seven years ago
lacks sufficient analytical power'® relative to that now achievable as a
result of recent progress in genomuc studies. The genomic coverage of
the SNP set was not robust, in part because the IMS-JST Japanese
SNP (JSNP) database was designed to focus on ‘gene-centric’ SNPs*,
Several comprehensive studies based on new platforms for GWASs
have recently been described, with about ten genes being found to be
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reproducibly associated with type 2 diab in individuals of
European ancestry®**-2, None of these genes showed a positive asso-
cation in our JGS typing data. Given that some of these genes were
recently shown to confer susceptibility to diabetes in Japanese?*3, the
lack of association in our study might be due to the limited sample
size of the first scan or to weak LD between the SNPs we used and the
causative variants; actually, some genes were totally missed in our [GS
(Supplementary Table 6c).

In y, with a comy ge SNP association
study in Japanese, we have identified KCNQI as a previously unre-
ported susceptibility gene as well as several other candidate genes for
type 2 diabetes mellitus. Replication studies further confirmed the
association of KCNQ/I with diabetes in individuals of East Asian and
European duc:m Our findings may provide new insight into the

i Tti

hophysiology of diak as well as a basis for the development of
newlhenpeuncngmn.
METHODS
Study participants. We bled three ind lent subject panels for muldi-
stage ge ide s¢ g Pancl | d of 188 cases only, panel 2 of

752 cases and 752 controls and panel 3 of 672 cases and 672 controls. The
inclusion criteria for diabeti were as follows: (i) age of discase onset of
40 to 55 years, (ii) maximum BMI of <30 kym‘ (iii) insulin treatment not
mmmdmlhti:ﬂm:rnnaﬁu diagr md[w) b of antib

to glutamic acid decarboxylase. Most | ic individuals have a BMI
nf<3ﬂlp‘m3‘an|iuenmndmfncmmlh'mmcommouwbtrpeoﬂypel
diabetes in Japan. The criteria for controls in panels 2 and 3 were as follows:
(1) age of >60 years, (i) no past history of diagnosis of diabetes and
(iii) hemoglobin Aj. content of <56% The cases in the three panels and
the controls in panels 2 and 3 were recruited at 11 core facilities located in
mmreﬂumn{iapm.?uwhlmd!mmmtbkd:umﬂhmﬂy
Genomic DNA was extracted from periphesal blood by dard

We also of d clinical infi such a3 BMI, biood biochemistry
(including plasma glucose and insulin levels) and family history of diabetes.
ﬂenﬁnmmmehandumhdmwmm:hmw
characteristics of subjects in each panel are
Table 1. mmmmnmlm-ppmdbythebalcﬂmmmmmohxh
institution, and written inf was ok d from all participants.

Mddp.mwuuldmsnmdpmbcﬂnmuhnupmnm;mth
Millennium Gi Project (Suppl y Fig. 1), referred to as the [SNP
Genome Scan {IGS}.hlwbwuduchdmmuly“, In the first stage,
188 individuals with each disease (panel | for diabetes) were genotyped for
100,000 SNPs in the IMS5-]ST [SNP database (see URLs section below)®. The
coverage of the nucleotide sequences of the RefSeq NM exonic regions (as
defined by 5" UTR + CDS (coding sequences) + 3' UTR) achieved by the [SNP
‘gene-centric’ gy wide LD 18 esti d 1o be ~35%, if we
mmmmpcnmlofLDlekbﬁwcth‘N‘Pmthamwuﬂﬂ
frequency (MAF) of >15%. We also previously evaluated the pawer of the first
two stages of the JGS by a smul %, For ple, this analysi
wmddpddamlmtynf-U%furSNPsuuhanoddsrulnofISmdx
frequency of 30%.

Dmmb}eadndmtrnddlnmowwullbrmSNPm&nﬁmmgcWz
then carried out two separate association analyses to compare the 187 diabeti

2,343 and 1,111 SNPs were sciected by the association analyses with
ODG and JDC, respectively, with 574 SNPs being selected by both analyses.

In the second stage, an independent case-control paned (panel 2) was
analyzed, generating valid data for 21,827 SNPs after a quality check. Thrty-
eight SNPs gave no results for all the samples in panel 2, whereas five and three
SNPs yielded no data for all case or control samples, respectively, by multipl
PCR-based Invader analyms, and seven probes were not annotsted on the
updated human genome. The call rate for the 2,827 SNPs was 0.993. A total of
201 positive SNPs (P < 0.05) was selected for the third stage of the study on
the basis of allelic data (Supplementary Table 2a). In the third stage, another
case-control panel (panel 3) was typed: one SNP could not be typed by S5p-
PCR-FCS analysis (see below) for any of the subjects in panel 3, with the call
rate for the other 200 SNPy being 0.990. The ten positive SNPs (P < 005,
Table 1) were also then analyzed in the combined panels 2 and 3 (panel 243,
1,424 cases and 1,424 controlx). Panel 2 was genotyped again for these ten SNPs
by SSP-PCR-FCS analysis, and the rate with the Imvader method
used in the second screening was 0,992 'l'hcpuuh'htyu‘nmnﬁuumm
panels 2 and 3 was assessed by typing of 28 diak 1 SNPs fi d
by (i) comp of allele and genotype freg by the 7* test, (ii) principal
component analysis or (iii) STRUCFWEmIrdl(mmmunn below),
None of these analyses showed evidence of stratification among cases and
controls of panels 2 and 3 (data not shown).

The list of SNP4 used for the initial screemang and the allele and genotype
frequency data for the first and the second stages of the JGS for the five diseases
studied in the Millennium Genome Project of lapan, including diabetes, have
been dep d in the Gi Medicine Database of Japan (GeMDB], see
URLSs section below),

Dense SNP mapping for KCNQI We first selected 49 additional SNPs
of KCNQ! from the dbSNP database of NCBI, with an average interval of
~ 10 kiwp, and typed these polymorphisms in panel 243 together with the three
positive SNPs originally included in the JGS. We ed 24 control |
subjects for the gene, mchdln;llllhemmmdhpmnmpmmnn-pm
tikbpupmmhmthtmmmmr).mn«!ﬂmm

identify genetic its in Jap We also sequenced the regions d
m;ﬂnmwﬁﬁhufmf.mﬂkbtm 15). Ten of the SNPs
identified in the 47-kbp region were selected on the basis of LD and MAF
(= 10%). These 10 SNPs and the two identified nonsynonymous variants were
genotyped in panel 2+3. A total of 64 SNPs was thus genotyped for KCNQI,
including 18 SNPs in the 35.6-kbp region between rs151290 and rs2237895,
with an average interval of 2 kbp (see Supplementary Table 3b).

Typing methods. In the first and second stages of the study, genotyping was
done by the multiplex PCR-based Invader assay (Third Wave Technologies) as
previously described®®. In lhctlmd sage and for dense mapping, genome-wide
amplified DOP d ide—primed (DOP)-PCR templates
were genotyped lly uqu:mcvlpunft: primer (SSP] -PCR analysis followed by
py (FCS)*. Some SNPs included in dense
mapping were therefore re- gtnotypcd in panel 2 by the SSP-PCR-FCS method.
Some SNPs were g ped by real PCR analysis with TagMan probe
(Applied Blur_mcm) Fof replication panels, we applied either SSP-PCR-FCS
or the TagMan method.

Su:hniul analysis. In the first screening, we performed twu r.mnnr.rnl
as dexcribed above. We ined allele or ge i or

individuals with two different control groups, which we referred to as JDC and
ODG, respectively. We did not detect significant population stratification
among individuals of the initial panels of the five disease groups by standard

hods such as g control®” (inflation factor = 1,06 with 1,025 SNPs
selected for g ic control analysis). The genotype-based analysis was done
with dominant and recessive models. First, SNPx whose MAF was > 109 in the

base and which showed either a g pe OR of > 1.5 or an allele OR of
> 1.3 in either assoction analysis were selected. 1f multiple SNPs in the same
gene with positive association were in strong LD (7 > 0.9), only one SNP was
chosen for the next step to avoid redundancy. A total of 2,880 SNPs for each
disease wan then selected for the second screening in order of P value; for

o

recessive models) datain 2 x 2 contingency tables for comparison with ODG,
as well as allele data in 2 = 2 gency tables for comyp with [DC (for
which genotype data were not available). In the second and third screening and
dense mapping, we analyzed allele data in 2 x 2 contingency tables by the
¥ test. LD and haplotype analyses were done with Haploview 331 software™.
A P value of <005 was considered statistically significant. For ten positive
SNPs in the [GS, rs2237892 and rs2074196, genotype-based analyses were also
performed by the Cochran-Armitage trend test. Meta-analysis was done by the
Mantel-Haenszel method (fixed-effects models) with the “meta” package of the
R Project; the P values for heterogeneity among panels joined in the Mantel-
Haenszel tests were all >0.05,
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URLs. Genome Medicine Database of Japan, httpsi//gemdby nibio. go.jp/dgdby;
DGI, WTCCC and FUSTON, hutpe/fwww.well ox.ac ub/DIAGRAM/; miRBase
database, hutp:f/micrormasangerac.uldsequences; TMS-IST SN database,
hitp:/isnp.ims.u-tokyo.ae jp/, STRUCTURE analysis, httpi//pritch bsd uchicagn.
edu/software himl

Accession codes. GenBank: KUNQ! mBNA, NM_000218.2 and NM_IR1798.1
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Construction of a prediction model for type 2 diabetes
mellitus in the Japanese population based on 11 genes
with strong evidence of the association

Kazuaki Miyake', Woosung Yang®, Kazuo Hara®, Kazuki Yasuda®, Yukio Horikawa®, Haruhiko Osawa®,
Hiroto Furuta’, Maggie CY Ng®, Yushi Hirota!, Hiroyuki Mori', Keisuke Ido*?®, Kazuya Yamagata®2!,
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Wing-Yee So¥, Juliana CN Chan® Naoyuki Kamatani'®, Hideichi Makino®, Kishio Nanjo’, Takashi Kadowaki®
and Masato Kasuga''?

Prediction of the disease status is one of the most important objectives of genetic studies. To select the genes with strong
evidence of the association with type 2 diabetes mellitus, we validated the associations of the seven candidate loci extracted in
our earlier study by genotyping the samples in two independent sample panels. However, except for KCNQ1, the association of
none of the remaining seven loci was replicated, We then selected 11 genes, KCNQ1, TCF7L2, CDKAL1, COKN2A/B, IGF2BP2,
SLC30A8, HHEX, GCKR, HNF1B, KCNJ11 and PPARG, whose associations with diabetes have already been reported and
replicated either in the literature or in this study in the Japanese population. As no evidence of the gene—gene interaction for
any pair of the 11 loci was shown, we constructed a prediction model for the disease using the logistic regression analysis by
incorporating the number of the risk alleles for the 11 genes, as well as age, sex and body mass index as independent variables.
Cumulative risk assessment showed that the addition of one risk allele resulted in an average increase in the odds for the
disease of 1.29 (95% Cl=1.25-1.33, P=5.4<10 %3), The area under the receiver operating characteristic curve, an estimate
of the power of the prediction model, was 0.72, thereby indicating that our prediction model for type 2 diabetes may not be so
useful but has some value. Incorporation of data from additional risk loci is most likely to increase the predictive power.
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INTRODUCTION
Genome-wide association studies (GWASs) have identified novel
susceptibility genes for type 2 diabetes mellitus in Caucasians.'®
TCF712, CDKALI, CDKN2A/B, IGF2BP2, SLC30A8 and HHEX have
been widely replicated as susceptibility genes for type 2 diabetes in
Asian populations*'? as well as in populations of European ances-
try.! 1 We recently identified KCNQI as a novel susceptibility gene, as
well as seven other candidate susceptibility loci in a multistage GWAS
for type 2 diabetes in the Japanese population, in which a total of 1612
cases and 1424 controls and 100 000 single nucleotide polymorphisms
(SNPs} were included.'® KCNQ!I was found to confer risk of type 2
diabetes with a relatively large effect size in Asian populations (odds
ratio (OR) for Japanese, Chinese and Korean individuals of 1.42),'%
which was similar to that demonstrated earlier for TCF7L2 in the
Japanese population.®

Follow-up of GWASs includes analysis of second-tier genes, meta-
analysis for specific populations, as well as analysis of gene—gene or
gene-environment interactions. A large-scale meta-analysis'® and an
analysis of gene—gene interaction for susceptibility genes'” have been
performed for type 2 diabetes in populations of European ancestry.

In this study, we attempted to confirm in independent subject
panels of Japanese and Hong Kong Chinese individuals the associa-
tions of the seven candidate susceptibility loci that we identified in
addition to KCNQI in our GWAS of type 2 diabetes."® However, as
described in this article, we failed to replicate the associations of the
seven loci with diabetes. We then attempted to extract genes with
strong evidence of the associ with diab and selected 11
genes, including KCNQL As we did not detect any gene-gene
interaction between the 11 genes, we then attempted to construct a
prediction model for this discase by using the data from the 11 genes,
as well as age, gender and body mass index (BMI) as independent
variables to obtain a comprehensive understanding of the genetic
background of diabetes in the Japanese population.

MATERIALS AND METHODS

Validation of the results from a multistage GWAS

in the Japanese population

Study subjects. We bled two independent subject panels for our
replication study: replication-Japanese and replication-Chinese, The 1000 cases
and 1000 controls for the replication-lapanese panel were recruited by the
Study Group of the Millennium Genome Project for Diabetes Mellitus. The
inclusion criteria for diabetic patients were (i) an age at disease onset of 3060
years and (ii) the absence of untibodies to GAD. Types of diabetes other than
type 2 were excluded on the basis of clinical data. The criteria for controls
ncluded (1) an age of > 50 years, (ii) no past history of a diagnosis of diabetes
and (ii) an HbA,, content of <5 8%,

For the replication-Chinese panel, subjects of southern Han Chinese
ancestry, who resided in Hong Kong, were recruited. The cases consisted of
1416 individuals with type 2 diabetes selected from the Prince of Wales
Hospital Diabetes Registry;*™ 626 of these subjects had early-onset diabetes
lage a1 diagnosis of <40 years) and a positive family history, whereas the
remaining 790 patients were randomly selected from the regisiry. Patients with
classic type 1 diabetes with acute ketotic p or a ¢
requirement for insulin within | year of diagnosis were excluded. The controls
consisted of 1577 subjects with normal glucose tolerance (fasting plasma
glucose concentration of <6.1mmol1°'); 596 of these individuals were
recruited either from the general population participating in a community-
based g program for cardi ular risk or from hospital staff, whereas
the remaining 981 subjects were recruited from a population-based screening
program for cardiovascular risk in adolescents.'? The clinical characteristics of
the subjects in each panel are ized in Suppl y Table 1A. The
study protocal was approved by the local ethics ¢ of each i
Written informed consent was obtained from each subjea.

Journal of Human Genetics

Study design and statistical analysis. For the validation of the results from
our carlicr multistage GWAS,'® seven SNPs (2250402, rs2307027, 153741872,
TS374628, 2233647, ndTR5233 and rs2075931) were genotyped in the two
panels cither by sequence-specific primer-PCR analysis followed by fluores-
cence correlation spectroscopy™ or by real-time PCR analysis with TagMan
probes (Applied Biosystems, Foster City, CA, USA). Differences in allele
frequency between cases and controls for each SNF were evaluated by ¢* with
one degree of freedom. Meta-analysis was performed by the Mantel-Haenszel
method (fixed-effects models) with the ‘meta’ package of the R-Project (hup/
www, r-project.org). A Povalue of <0.05 was considered statistically significant.

Examination of gene-gene interaction and construction

of a prediction model

Sllldy uuh,ecu. In total, 2{24 cases and 2424 controls of the lapanese
d by ¢ g the second and third screening panels in

our original study'® and the replication-Japanese panel of this study were

included in this analysis (analysis-panel). The criteria for the second and third

screening panels were described in the earlier report.'® The clinical character-

istics of the subjects are ized in Suppl y Table IB.

Selection of the loci included in this study.  Prediction of the phenotypes on
the basis of genetic polymorphisms should include the genetic data from the
loci with strong evidence of the association. Starting from 15 genes described in
earlier reports, we selected 11 genes with strong evidence of the association on
the basis of the data in the literature and on the results of the replication
experiments in this study. Process of the selection of the 11 genes will be
described in detail in Results,

Statistical methods. Multiplicative gene-gene interaction was evaluated for
each pair of the 11 genes using an interaction term in addition to the terms for
the pair of the genes in the logistic reg model. The genotypes for each
locus were coded by 0, 1 and 2. Correction for multiple testing was performed
by Bonferrom’s method.

As there was no evidence for the presence of gene—gene interactions, we
attempted to construct a phenotype prediction modcl by incorporating the
number of risk alleles for the 11 loci as an indey iable in addi to
age, gender and BMI. The Cochran-Armitage test was used to examine the
trend of the increase in the odds by increasing the number of the risk alleles. To
construct a prediction mndcl the log of odds was expressed by the linear
combination of the indey iables. Coefficients for the variables were
estimated by the logistic regression analysis after making disease (cases) or
nondisease (controls) as the dependent vaniable. Using the cocfficients
estimated by the logistic regression analysis, we constructed a phenotype
prediction model. To evaluate the prediction model, receiver operating char-
acteristic (ROC) curves'! for the sensitivity and specificity of the prediction
model with or without adjustment for age, sex and BMI were generated, and
the area under the curve (AUC) was calculated from the ROC curve,

RESULTS

Validation of the results from a multistage GWAS

in the Japanese population

We identified earlier 10 loci associated with type 2 diabetes by three-
staged GWAS starting from 100000 SNPs. Among the 10 loci, 3 SNPs
were located in an intron of KCNQ!, and the association of this gene
with diabetes was confirmatory.'® To validate the other seven loci for
the association with type 2 diabetes, we analyzed them in two
independent replication panels of Japanese and Han-Chinese indivi-
duals (Table 1, Supplementary Table 2). Only one SNF, rs2250402,
which is located in EIF2AK4, was found to be significantly associated
in the replication-Japanese panel (P=0.039, OR=1.17, 95% Cl=1.01-
1.36). However, neither this SNP (P=0.41, OR=1.05) nor any of the
other six SNPs showed such an association in the replication-Chinese
panel. Meta-analyses for these SNPs showed that rs2307027 in KRT4
and rs3783233 in A2BP| yielded P-values of <0.05 and ORs between
112 and 1.13 (Table 1). When the original second and third screening
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Table 1 Association study for the candidate susceptibility genes for type 2 diabetes selected by multistage screening in the Japanese

population

SNP 1D

Chr

Gene

Risk alleie

RAF (DM)

RAF (NC}

P

or 95% ¢!

52250402

2307027

3741872

574628

2233647

3785233

52075931

15

12

12

16

EIF2AKS

KRT4

FAME0A

ANGPT4

SPDEF

A2BP1

Intergenic

c

Replication-Japanese
Replication-Chiness
Meta-analysis
Replication- Japaness
Replication-Chiness
Meta-analysis
Replication-Japanise
Replication-Chinese
Meta-analysis
Replication-Japanese
Replication-Chinese
Meta-analysis
Replication-lapanese
Replication-Chinese.
Meta-analysis
Replication-lapanese
Replication-Chinese

0.23
0.24

0.18
0.14

0.25
0.23

0.60
0.65

0.86
0.94

0.18
013

0.67
0.73

0.20
0.23

0.17
0.13

0.24
0.22

0.6l
0.65

0.87
0.93

0.16
012

0.66
0.74

0.0a
041
0.05
Q17
0.16
0.05
o.18
021
0.07
0.46
0.59
0.96
070
0.54
0.90
019
0.10
0.04
0.85
0.27

L17 1.01-1.36
1.05 0.93-1.19
110 1.00-1.20
112 0.95-1.32
111 0.96-1.29
L2 1.00-1.25
L 0.96-1.28
Lo8 0.96-1.22
1.09 0.92-1.20
095 0.84-1.08
1.03 0.93-1.15
1.00 0.52-1.08
0.97 0.81-1.16
107 0.87-1.31
101 0.88-1.16
L12 0.95-1.32
114 0.97-1.34
113 1.01-1.27
1.01 0.89-1.16
0,94 0.84-1.05

Meta-analysis

0.48 0.97 0.89-1.06

Abbreviations: Chr, chromosome: OR, msralnl‘unnlﬂlla!m
risk silgles wax baned on the onginal study, !5

panels were included in the meta-analyses, these two loci, as well as the
SNPs in EIF2AK4 (rs2250402) and FAM60A (rs3741872), gave
P-values of <0.001 and ORs between 1.15 and 1.18 (Supplementary
Table 3). However, the P-values did not reach the proposed signifi-
cance of GWAS (=5x1077).

Selection of polymorphisms for the prediction model
To construct a reliable prediction model for diabetes, polymorphisms
with strong evidence of association should be used. From the previous
literature, we selected 15 genes {induding one intergenic marker), that
is, SLC30A8, HHEX, LOC387761., EXT2, CDKN2A/B, GCKR,
IGF2BP2, CDKALI, FTO'® TCF7L2® KCNJ11,* PPARG™
WFS1,** HNF1B* and KCNQ1,' as candidate genes to be included
in both gene—gene interaction analysis and construction of a predic-
tion model. Starting from 23 SNPs in these 15 genes, we selected 11
SNPs in 11 genes according to the following process. There is sufficient
evidence of the associations of KCNQI and TCF7L2 genes wnh
diabetes as supported by replication studies in the Jap
tion 527 In addition, SLC30A8, HHEX, CDKN2A/B, IGF2BP2 and
CDKALI associated with the disease in the European population were
found in our carlier study to be associated with the disease in the
lapanese population as well 7

To further extract genes with strong evidence of the association with
diabetes, we artempted to replicate the associations reported earlier
using our own data (analysis panel with 2424 cases and 2424 controls).
For the 19 SNPs in SLC30A8, HHEX, LOC387761, EXT2, CDKN2A/B,
GCKR, IGF2BP2, CDKALI, FTO, TCF7L2, KCNJi1, PPARG and
KCNQI, we extracted genotyping data  from our earlier
studies™* 152729 and, if necessary, genotyped additional subjects to
obtain a data set for 2424 cases and 2424 controls of the Japanese
population (analysis panel). The SNPs in WFS1 (rs6446482, rs734312)

Agsignrrant of Numbers of cases versus control subjects in the repl L
versus 1577, respectively. RAF (DM] and RAF (NC) dencte rigx allele frequencies in cases and controla, i for allein
NWWUMMMhlumdmmwwthmmd > 0,05

Lhinese panels were 1000 versus 1000 and 1416
Meta-analysis was performed by

and HNFIB (rs7501939, rs4430796) were genotyped for this study in
the same individuals. SNPs with P-values for the test of deviation from
the Hardy-Weinberg equilibrium of <0.01 were excluded for further
analysis. When two SNPs were located in the same genomic region,
the one with the lower P-value for the association test was selected for
further analysis, GCKR, for which we carlier reported the marginal
association with type 2 diabetes,” was found to be associated with the
di in this enlarged Jag panel (P=1.7x10~% Supplementary
Table 4). KCNJ11 and PPARG, which have been included in the genes
associated with diabetes in Caucasians, showed marginal associations
(P=0.066 and P=0.075, respectively; Supplementary Table 4) in our
panel. Two SNPs in WFSI and two SNPs in HNFIB were newly
genotyped in the analysis panel. Although no association was apparent
between WFSI and type 2 diabetes, both SNPs in HNFIB exhibited
P-values of <0.05 (Supplementary Table 4). From these data, we
included 11 SNPs in 11 genes as described above for the source of
genotype data to be analyzed in both the examination of gene-gene
interaction and the prediction of phenotypes.

Gene-gene interaction

We evaluated multiplicative gene—gene interaction for each pair of the
11 loci as described in Materials and methods. Two combinations,
51801282 (PPARG) xrs1470579 (IGF2BP2) (nominal P=0.0025) and
rs1BO1282xrs3802177 (SLC30A8) (nominal P=0.018), showed
P-values of less than 0.05 (Supplementary Figure 1). However, these
P-values were not significant when Bonferroni’s correction for multi-
ple testing was applied (significance level, 0.05/55=9.1x107%).
Although PPARG and IGF2BP2 are located on the same chromosome
(3p25 and 3928, respectively), it is unlikely that loci on different arms
of the same chromosome show significant linkage disequilibrium.
SLC30A8 is located on a different chromosome (8q24.11) from
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PPARG. The reason why nominal P-values of ihese combinations
showed less than 0.05 may be because of the low minor allele
frequency of rs1801282.

Cumulative risk assessment for type 2 diabetes on the basis of
susceptibility genes

As there was no evidence of gene-gene interaction between 11 $NPs of
11 genes, SLCI0A8, HHEX, CDKN2A/B, GCKR, IGF2BP2, CDKALL,
TCF712, KCNJI 1, PPARG, KCNQI and HNFIB, they were included in
the prediction model as independent variables with the additive effect
(additive effect in the liability and multiplicative effect in the odds)
without interaction terms. Effective numbers of cases and controls
whose genotypes for the 11 loci were successfully obtained were 2316
and 2370, respectively. The Cochran-Armitage trend test gave a
P-value of 4.7x10°% for the trend in the increase in the odds for
cases relative to controls with an increasing number of risk alleles for
the 11 susceptibility loci (Suppl y Table 5). We then estimated
ORs for type 2 diabetes in subjects with different numbers of risk
alleles on the basis of the multiplicative model by logistic regression
analysis with adjustment for age, sex and BMI. The ORs for type 2
diabetes in subjects with 7-18 risk alleles in comparison with those
harboring 06 risk alleles are shown in Figure 1. An increase of one
risk allele resulted in an average increase in the odds of 1.29 (95%
Cl=1.25-1.33, P=54x10"%, logistic regression analysis).

To predict disease status for type 2 diabetes in a given individual, we
constructed a prediction model on the basis of the number of risk
alleles or the liability value calculated from the number of risk alleles
as well as age, sex and BMI. The coefficients to calculate the liability
value were estimated with the logistic regression model. To estimate
the predicive power of the model, we generated ROC curves as
described in Materials and methods. The AUC was 0.63 when only the
number of risk alleles was used for the prediction. When age, sex and
BMI were also included, the AUC increased to 0.72 (Figure 2).
Meanwhile, an AUC value for the ROC curve based on only age, sex
and BMI was 0.68, which was better than that based on only the
number of risk alleles (data now shown). The model incorporating
age, sex and BMI as well as the number of risk alleles thus showed
moderate power for the prediction of type 2 diabetes. The best

18
17 <
16 —
15 Odds ratio = 1.29 (1.25—1.33)
14 Pvalue = 5.4 x 10
3 -
F3 12
b 1 1.03
2 40—
s
8
8 i1
6
5 - a9 538
3 I s [ 4%
8 224
f_ e1pp X141 I""
o8 7 B 8 W0 W 12 13 148
Number of risk alleles

Figure 1 Odds ratios for subjects with different numbers of risk alleles for
11 susceptibility loci for type 2 diabetes. The cumulative affect of the 11
loci on type 2 diabetes was tested by counting the number of risk alleles
associated with type 2 diabetes with a logistic regression model with
adjustment for age, sex and BMI, The ORs for subjects with each number of
sk alleles are expressed relative to individuals with 0-6 risk alleles.
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accuracy was 0.66 at the threshold between non-diabetic and diabetic
status of 0.52 (non-diabetic status=0, diabetic status=1), for which
the specificity and the sensitivity were 0.71 and 0.61, respectively.

DISCUSSION

By the validation of the results from our multistage GWAS, we
detected only marginal associations of EIF2AK4, KRT4 and A2BPI
with type 2 diabetes in meta-analyses with two subject panels of
Japanese or Chinese individuals. Relations of KRT4 (keratin 4 gene)
and A2BP] (ataxin-2-binding protein 1 gene, also known as FOX1) to
glucose or lipid metabolism are unknown, Deletion of EIF2AK4
{eukaryouc translation initiation factor 2 alpha kinase 4 gene, also
known as GCN2) in mice Ited in liver during leucine
deprivation as a result of unrep | exp of lipogenic genes.*
The functionally related gene, EIF2AK3 (also known as PERK or PEK),
has been shown to cause diabetes mellitus both in humans (Wolcortt—
Rallison syndrome, OMIM604032) and in rodent models.* Taken
together, EIF2AK4 may be a good candidate for the diabetes suscept-
ibility gene. The sample size required for a statistical power of 0.80
with equal numbers of cases and controls is 10 505 when the frequency
of the risk allele, OR and type 1 error probability are assumed to be
0.20, 1.10 (the value for ETF2AK4 in the meta-analysis in Table 1) and
0.05, respectively. Further studies of these genes in other Asian
populations as well as in other ethnic groups are needed for con-
firmation of their association with type 2 diabetes. Given this
uncertainty, we did not include these genes in the assessments of
cumulative risk and gene-gene interaction.

Among tens of type 2 diabetes susceptibility genes identified by
recent GWASs in Caucasians, the associations of six genes, that is,
TCF712, CDKALI, CDKN2A/B, IGF2BP2, SLC30A8 and HHEX, have
been replicated in Astan populations as well as in populations of
European ancestry. A recent meta-analysis in Japanese subjects also
supported the associations.'” In this study, we performed replication

10 —
Model 1: AUC=0.72 /,,/"’
0.8 P
£ 06 ,/'/
S _~Modet2: AUC=0.63
2 Y
3 041 ; y
y
024 /- — Model 1
--— Model 2
0 ] i

L L T T L] L]
0 0.2 04 06 0.8 1.0
1 - specificity

Figure 2 ROC curves for the prediction model on the basis of the number of
risk alleles for 11 susceptibility loci for type 2 diabetes. The prediction
model for type 2 diabetes was constructed using the logistic regression
model, and ROC curves for the model were generated. In model 1, the
number of risk alleles was used as an Indepéndent variable together with

age, sex and BMI as « only the of nsk alleles was
used as an independent varable in model 2.
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study, and, on the basis of the results, we added five more genes, that
is, KCNJ11, PPARG, GCKR, KCNQ! and HNFIB, for the cumulative
risk assessment for type 2 diabetes. Thus, the SNPs of HNFIB, which
were earlier associated with type 2 diabetes in Chinese as well as in
Caucasians,® showed the association with the disease in the Japanese
population in this study. In addition, the C allele of rs780094 in GCKR
was associated with increased risk of type 2 diabetes in this study,
which is consistent with a recent stady in Caucasians.”® The associa-
tions of KCNJI! and PPARG with diabetes were marginal in this
study; however, they were included for the prediction model, as the
associations were replicated in some studies of Caucasians.

Our gene—gene interaction analysis showed no significant interac-
tion for any of the 55 possible pairs of genes when comrected for
multiple testing, When the significance level was set at 0.05, two pairs
were judged to be significant. However, such gene-gene interactions
were not supported from the functional point of view. A large-scale
study may provide more convincing evidence for such interactions.

As no confirmatory evidence for gene—gene interaction was
ohserved, we treated the 11 genes as independent variables in the
prediction model. The addition of one risk allele was estimated 1o
increase the odds by an average of 1.29 according to the multiplicative
model. This value is similar to that (1.24) estimated for type 2 diabetes
in Caucasians.'’ Two earlier cumulative risk assessments for type 2
diabetes in Asian populations with relatively small numbers of
associated loci yielded values of 1.17 and 1.24 for the fold increase
in risk for each additional risk allele.''™ In our prediction model for
type 2 diabetes, the AUC for the ROC curve was lower than that in the
earlier study'’ based on 15 loci in Caucasians (0.72 and 0.86,
respectively), However, the number of loci in our study (11 loci)
was lower than that in the study for Caucasians. The inclusion of
additional loci in our model should improve its ability to predict type
2 diabetes in Asian populations. Several reports of the prediction of
type 2 diabetes using ~ 18 loci were recently described for populations
of European ancestry,’™® A prediction based on 18 loci gm an AUC
value of 0.80 for the ROC curve,*® wh the ¢ nding values
for a population-based prospective study were 068 06157 and
0.75." They concluded that genetic variations associated with diabetes
had a small effect on the ability to predict the development of type 2
diabetes as compared with clinical characteristics alone. In fact, the
AUC value (0.72) based on both the genetic variations and the clinical
characteristics was slightly better than that based on only the clinical
characteristics (0.68). We admit that the evidence of the association
with diabetes is a little weaker for KCNJ11 and PPARG in the Japanese
population than for the other nine genes. If KCNJ11 and PPARG were
excluded from the analysis, the AUC for the ROC curve in the
prediction model incorporating age, sex and BMI remained
unchanged at 0.72, probably because of the relatively large effects of
KCNQI and TCF7L2.

Finally, our prediction model for type 2 diabetes achieved limited
success even though it has some value. Given that GWASs for diabetes
in Asians have not been as extensive as those in Caucasians, many risk
loci for diabetes in Asians remain most likely to be undiscovered.
Considening that the average increase in OR conferred by each
additional risk allele was similar between Caucasians and Japanese,
incorporation of data from additional risk loci is most likely 1o
increase the predictive power.
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LSNP |22\ T, $§RHZHF D7/ ®D DNA T TagMan 7 2 —7 % i\
THA 72T 2712, K 25D SNPIZH\ VT, genotype @ clustering
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# (Yasuda et al 2008; Miyake et al 2008; Horikawa et al 2008) * |F|F
—¥ L7, BEETDL A, % SNP @ genotype BIIZ& T, JEIEAER.
BETEfe X BMI, {6H81E (1 & R U A IGHEO A ) LB BEE 0 A F o 47 1§
REIT, GO RETR LN TR,
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HOLRERBREALRWEZNRTWA, 25 LEERAOERLS, LY
RO Y ) LR (BT 7 L) —2x20 Y EED) REIZEY,
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pitt (HOMA-IR) 2O L EANTELE, A R Y U BERRENTWD
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