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Genetics of type 2 diabetes: the GWAS era and future 
perspectives
Minako Imamura and Shiro Maeda

Laboratory for Endocrinology and Metabolism, RIKEN Center for Genomic Medicine, Yokohama 230-0045, Japan

Abstract.  Genome-wide association studies (GWAS) have facilitated a substantial and rapid rise in the number of 
confirmed genetic susceptibility variants for type 2 diabetes (T2D).  Approximately 40 variants have been identified so far, 
many of which were discovered through GWAS. This success has led to widespread hope that the findings will translate 
into improved clinical care for the increasing numbers of patients with diabetes. Potential areas or clinical translation 
include risk prediction and subsequent disease prevention, pharmacogenetics, and the development of novel therapeutics. 
However, the genetic loci so far identified account for only a small fraction (approximately 10%) of the overall heritable 
risk for T2D. Uncovering the missing heritability is essential to the progress of T2D genetic studies and to the translation 
of genetic information into clinical practice.
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NeArly 300 million people worldwide are affected 
by diabetes mellitus, and its increasing prevalence is 
a serious concern in many countries.  Type 2 diabetes 
(T2D) is characterized by insulin resistance in periph-
eral tissues and dysregulated insulin secretion by pan-
creatic beta-cells.  Although the current rise in T2D 
prevalence is driven mainly by changes in life-style, 
complex genetic determinants are widely considered to 
contribute to an inherent susceptibility to this disease.  
The pathogenesis of T2D is heterogeneous, suggesting 
that the contribution from individual genetic factors 
is modest.  Linkage analysis and the candidate gene 
approach were the primary methods to link genotype 
and phenotype before the development of genome-
wide association studies (GWAS).  Although these 
techniques can detect rare genetic variants that strongly 
influence disease susceptibility, they are not suitable to 
identify variants that have a smaller effect on disease 
susceptibility.  Therefore, the discovery of novel T2D 
susceptible loci has been challenging, and a more pow-
erful strategy was needed to overcome this difficulty.  

The development of high-throughput genotyping tech-
nologies and statistical and computational software has 
allowed remarkable progress over the past decade in 
the “genome-wide” search for genetic associations.  
Since the first GWAS for T2D identified novel suscep-
tibility loci in 2007, approximately 40 T2D suscep-
tibility loci have been identified so far, most of them 
through GWAS.  

This review summarizes recent advances in the field 
of T2D genetics and discusses current obstacles to 
applying knowledge to clinical applications, as well as 
future investigations for further understanding of the 
genetic basis of T2D. 

Genetics of T2D: before the GWAS era

Prior to the GWAS era, the importance of genetic 
factors in the etiology of T2D had been well established 
through family and twin studies [1, 2].  The primary 
methods to identify susceptibility loci for diseases or 
phenotypic traits were linkage analysis and candidate-
gene association studies.  Linkage analysis is useful 
for identifying familial genetic variants that have large 
effects and was successfully used to discover several 
causal mutations for the monogenic forms of diabetes 
mellitus, such as maturity-onset diabetes of the young 
(MODY) [3].  For the common form of T2D, the dis-
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International HapMap project.  Several million SNPs 
were discovered and confirmed by the International 
HapMap project and have been deposited in a public 
database [18].  The HapMap project initially genotyped 
3.9 million SNPs in 270 DNA samples from 4 differ-
ent ethnic groups and defined the underlying patterns 
of the inheritance of genetic variation, as quantified by 
LD.  Two SNPs with strong LD are thought to be co-
inherited more frequently than SNPs with weak LD.  
Using this correlation structure, association analyses 
can be made in a more efficient and cost-effective man-
ner by using a smaller subset of SNPs or “tag” SNPs to 
capture most of the remaining common genetic varia-
tions.  Thus far, 1000 Genomes Project has been per-
formed and has increased SNP information across the 
entire human genome, and more than 2 million directly 
genotyped and imputed SNPs (estimations based on 
the degree of LD in typed- alleles) can be examined in 
current GWAS. 

The finding that a particular SNP is present at higher 
frequency in the disease cases versus the controls sug-
gests that the SNP is associated with the disease, and 
a statistical P value of 5 x 10-8 is required to satisfy 
genome-wide significance [19].  Because each GWAS 
typically involves hundreds of thousands of simultane-
ous tests of association, this stringent threshold reflects 
the standard P value of 0.05 with a Bonferroni cor-
rection for 1 million statistical tests and effectively 
reduces the number of false-positive SNPs identified.  
Even with such strict statistical thresholds, positive 
findings are routinely replicated in independent data-
sets to verify or refute the association of a SNP with 
the phenotype of interest.  The data from several case-
control collections can be merged and summarized by 
meta-analysis, and this has enabled identification of 
SNPs with smaller effect size by increasing the over-
all sample size.  At present, 3 conditions must be satis-
fied to be considered susceptible loci through GWAS: 
(1) sufficient sample size in the genome-wide scan (at 
least 1000 each of cases and controls), (2) association 
P-value at the genome-wide significance level (P< 
5 x 10-8), and (3) confirmation of the association by 
independent replication studies [19].  To date, GWAS 
have identified nearly 40 susceptibility loci for T2D in 
European and Asian populations (Table 1). 

The first GWAS for T2D was conducted in a French 
cohort composed of 661 cases and 614 controls, cov-
ering 392,935 SNP loci.  This study identified novel 
association signals at SLC30A8, HHEX, LOC387761, 

covery of calpain 10 (CAPN10) in a Mexican-American 
population was the first reported success of linkage-po-
sitional cloning strategy for the disease [4], although 
the association could not be robustly replicated in other 
ethnic groups.  Reynisdottir et al. identified segments 
in chromosomes 5 and 10 with suggestive linkage to 
T2D [5], and showed that the chromosome 10 region 
harbored the TCF7L2 [6].  Five single nucleotide poly-
morphisms (SNPs) and 1 tetranucleotide repeat poly-
morphism (DG10S478) within TCF7L2 showed strong 
association with T2D in 3 independent cohorts, and the 
SNPs (rs12255372 and rs7903146) showed strong link-
age disequilibrium (LD) with composite at-risk alleles 
of the microsatellite marker (DG10S478).  The associ-
ation between the SNPs (rs12255372 and rs7903146) 
and decreased insulin secretion was also reported in 
American subjects with impaired glucose tolerance [7].  
Subsequently, the association of TCF7L2 with T2D 
was replicated not only in populations of European ori-
gin but also in other ethnic groups [8-13], including the 
Japanese [14, 15].  

Candidate-gene association studies showed that the 
genes for the peroxisome proliferator activated recep-
tor gamma (PPARG) [16] and the potassium inwardly  
rectifying channel subfamily J member 11 (KCNJ11) 
[17] were 2 candidate susceptibility genes.  Both genes 
encode targets of anti-diabetes medications (thiazoli-
dinediones and sulphonylureas, respectively) and har-
bor missense variants associated with T2D: P12A in 
PPARG and E23K in KCNJ11.  The successful iden-
tification of these genes encouraged the genetic study 
of T2D; however, the limitations of these classical 
approaches were also recognized.  Thus, it has been 
challenging to identify the specific genetic variants 
associated with an increased risk for T2D, and until 
recently, these genes were largely unknown. 

The GWAS era of T2D genetics

A significant breakthrough in understanding the 
genetic basis of complex traits including T2D, was 
facilitated by the arrival of GWAS.  GWAS is a pow-
erful biology-agnostic method to detect genetic varia-
tions that predispose to a disease.  In GWAS, the entire 
genomes of individuals with and without the disorder 
of interest (i.e., cases and controls) are screened for a 
large number of common SNPs.  These studies have 
been facilitated by several recent developments includ-
ing completion of the Human Genome Project and the 
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Table 1 Genetic loci associated with T2D

Year Locus Marker Chr Type of SNP Association 
in the Japanese

Risk allele frequencey Effect size
odds ratio
(95%CI)

HapMap
CEU

HapMap
 JPT

2000 PPARG rs1801282 [16] 3 Missense: Pro12Ala Suggestive [65-67] 0.9 0.97 1.14 (1.08-1.20) [22-24]

2003 KCNJ11 rs5219 [17] 11 Missense: Glu23Lys Confirmed [67, 68] 0.47a [17] 0.34a [67] 1.15 (1.09-1.21) [22]

2006 TCF7L2 rs7903146 [6] 10 Intronic Confirmed [14, 15, 42] 0.28 0.04 1.37 (1.28-1.47) [26]

2007 IGF2BP2 rs4402960 [22-24] 3 Intronic Confirmed [36, 42, 67, 70] 0.3 0.3 1.17 (1.10-1.25) [26]
WFS1 rs10010131 [69] 4 Intronic 0.67 0.97 1.11 (1.07-1.16) 

rs734312 [69] 4 Missense:Arg611His 0.65 0.84 1.08 (1.05-1.14) 
CDKAL1 rs7754840 [22-24] 6 Intronic Confirmed [36, 42, 67, 70] 0.34 0.39 1.12 (1.08-1.16)
SLC30A8 rs13266634 [20] 8 Missense:Arg325Trp Confirmed [67, 70] 0.76 0.55 1.12 (1.07-1.16) ]27]
CDKN2A/B rs10811661 [22-24] 9 125kb upstream Confirmed [42, 67, 70] 0.8 0.52 1.20 (1.14-1.25)
HHEX rs1111875 [20] 10 7.7kb downstream Confirmed [67, 70-72] 0.58 0.33 1.13 (1.08-1.17) [22]
FTO rs8050136 [23,24] 16 Intronic Suggestive [67] 0.46 0.19 1.15 (1.09-1.22) [26]
HNF1B rs757210 [73] 17 Intronic Confirmed [75] 0.45 0.24 1.12 (1.07-1.18) [27]

rs7501939 [74] 17 Intronic 0.43 0.32 1.10 (1.06-1.15)

2008 NOTCH2 rs10923931 [26] 1 Intronic 0.09 0.03 1.13 (1.08-1.17)
THADA rs7578597 [26] 2 Missense:Thr1187Ala 0.87 0.99 1.15 (1.10-1.20)
ADAMSTS9 rs4607103 [26] 3 38kb upstream 0.81 0.65 1.09 (1.06-1.12)
JAZF1 rs864745 [26] 7 Intronic Suggestive [76] 0.52 0.21 1.10 (1.07-1.13)
CDC123/CAMK1D rs12779790 [26] 10 Intergenic region 0.23 0.12 1.11 (1.07-1.14)
KCNQ1 rs2237897 [36] 11 Intronic (intron15) Confirmed [36] 0.93 0.61a [36] 1.41 (1.29-1.55)

rs2237892 [37] 11 Intronic (intron15) Confirmed [36, 37, 42, 75] 0.93 0.59 1.43 (1.34-1.52)
TSPAN8/LGR5 rs7961581 [26] 12 Intergenic region 0.25 0.23 1.09 (1.06-1.12)

2009 IRS1 rs2943641 [77] 2 502kb downstream 0.61 0.93 1.19 (1.13-1.25)
MTNR1B rs10830963 [78] 11 Intronic 0.3 0.45 1.09 (1.06-1.12)

rs1387153 [30] 11 Intronic 0.27 0.45 1.09 (1.06-1.11)

2010 PROX1 rs340874 [33] 1 2kb upstream 0.56 0.35 1.07 (1.05-1.09)
BCL11A rs243021 [27] 2 99kb downstream 0.48 0.7 1.08 (1.06-1.1)
GCKR rs780094 [33] 2 Intronic Confirmed [75, 79] 0.61 0.43 1.06 (1.04-1.08)
ADCY5 rs11708067 [33] 3 Intronic 0.77 1 1.12 (1.09-1.15)
UBE2E2 rs7612463 [42] 3 Intronic Confirmed [42] 0.86 0.84 1.19 (1.12-1.26)
ZBED3 rs4457053 [27] 5 41kb upstream 0.26 0.023 1.08 (1.06-1.11)
DGKB/TMEM195 rs2191349 [33] 7 Intergenic region Confirmed [42] 0.48 0.73 1.06 (1.04-1.08)
GCK rs4607517 [33] 7 36kb upstream 0.2 0.2 1.07 (1.05-1.10)
KLF14 rs972283 [27] 7 47kb upstream 0.55 0.71 1.07 (1.05-1.10)
TP53INP1 rs896854 [27] 8 Intronic 0.44 0.32 1.06 (1.04-1.09)
CHCHD9 rs13292136 [27] 9 234kb upstream 0.93 0.87 1.11 (1.07-1.15)
CENTD2 rs1552224 [27] 11 5’UTR 0.88 0.96 1.14 (1.11-1.17)
KCNQ1b rs231362 [27] 11 Intronic (intron11) 0.52 0.86 1.08 (1.06-1.10)
HMGA2 rs1531343 [27] 12 43kb upstream 0.12 0.12 1.10 (1.07-1.14)
HNF1A rs7957197 [27] 12 20kb downstream 0.85 1 1.07 (1.05-1.10)
PRC1 rs8042680 [27] 15 Intronic 0.26 1 1.07 (1.05-1.10)
ZFAND6 rs11634397 [27] 15 1.5kb downstream 0.64 0.09 1.06 (1.04-1.08)
C2CD4A/B rs7172432 [42] 15 Intergenic region Confirmed [42] 0.58 0.58 1.13 (1.09-1.18)
DUSP9 rs5945326 [27] X 8kb upstream 0.22 0.32 1.27 (1.18-1.37)

a Data from references   b This locus is thoght to be independent of the locus idenfiied by Japanese GWAS in 2008
References are in brackets
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GWAS for continuous glycemic traits 

Studies examining diabetes-related quantitative 
traits in participants without diabetes have also iden-
tified loci that influence beta-cell function and insulin 
resistance (Table 2).  GWAS showed that G6PC2 and 
MTNR1B were associated with fasting-glucose levels 
[28-30], and further studies confirmed the association 
of these 2 loci [29-31] and GCK which had been iden-
tified by the candidate-gene approach [32].  Recently, 
the Meta-Analyses of Glucose and Insulin-related 
traits Consortium (MAGIC) examined 21 GWAS to 
identify loci associating with fasting glucose, fasting 
insulin, HOMA-β, and HOMA-IR [33].  Collectively, 
the GWAS included 46,186 participants of European 
descent and analyzed more than 2.5 million genotyped 
or imputed SNPs.  After replication among 76,558 
individuals from 34 additional cohorts, 9 new loci in 
or near ADCY5, MADD, CRY2, ADRA2A, FADS1, 
PROX1, SLC2A2, GLIS3, and C2CD4B were found to 
be associated with fasting glucose.  In addition, GCKR 
and a SNP upstream of IGF1 were found to be associ-
ated with fasting insulin and HOMA-IR.  The meta-
analysis also confirmed prior associations for glycemic 
traits with SNPs in or near DGKB-TMEM195, GCKR, 
G6PC2, MTNR1B, and GCK.  An aggregate genotype 
score was constructed by summing the 16 risk variants 
and showed a clinically relevant difference in fasting 
glucose concentrations of about 7.2 mg/dL between 
groups with the highest and lowest scores.  Five loci for 
2-hour glucose levels, GIPR, ADCY5, GCKR, VPS13C, 
and TCF7L2 were further identified in a meta-analysis 
of 9 GWAS for 2-hour glucose and subsequent replica-
tion studies [34].  

Among the loci identified as being associated with 
glycemic traits, MTNR1B, GCK, ADCY5, PROX1, 
DGKB-TMEM195, and GCKR were also identified as 
novel loci associated with T2D. 

GWAS in groups of non-european descent

Over the past 2 decades, many Asian countries have 
experienced a dramatic increase in the incidence of 
T2D.  Cumulative evidence suggests that Asians may 
be more susceptible than populations of European 
ancestry to insulin resistance and diabetes, which was 
thought to be due to interethnic genetic inheritance [35].  
Several of the T2D loci identified by European GWAS, 
especially the first round of GWAS, have been con-

and EXT2 and validated the previously identified 
association at TCF7L2 [20].  Shortly after the initial 
GWAS, the Icelandic company deCODE Genetics and 
their collaborators confirmed the association between 
T2D and SLC30A8, HHEX, and the newly identi-
fied CDKAL1 [21].  At the same time, 3 collaborating 
groups, the Wellcome Trust Case Control Consortium/
United Kingdom Type 2 Diabetes Genetics consor-
tium (WTCCC/UKT2D), the Finland-United States 
Investigation of NIDDM (FUSION), and the Diabetes 
Genetics Initiative (DGI), published their findings rep-
licating the association of SCL30A8 and HHEX with 
T2D and independently discovering novel associations 
at CDKAL1, IGF2BP2, and CDKN2A/B [22-24].  With 
the exception of LOC387761 and EXT2, these novel 
loci and 2 previously-known variants, PPARG P12A 
and KCNJ11 E23K, were confirmed by multiple replica-
tion studies composed of European and non-European 
populations.  Thus, the first round of European GWAS 
confirmed 8 T2D susceptibility loci across multiple 
ethnic groups: TCF7L2, SLC30A8, HHEX, CDKAL1, 
IGF2BP2, CDKN2A/B, PPARG, and KCNJ11.  In addi-
tion to these 8 loci, the WTCCC/UKT2D study iden-
tified a strong association between FTO variants and 
T2D, although the effect of FTO variants on conferring 
susceptibility to T2D was mostly mediated through 
increase in body weight [25]. 

After the first round of European GWAS, an effort 
was made to increase sample size so that common 
variants with lower effect sizes would be detectable.  
WTCCC/UKT2D, FUSION, and DGI combined their 
data to form the Diabetes Genetics Replication and 
Meta-analysis (DIAGRAM) consortium.  Five addi-
tional novel loci, JAZF1, CDC123/CAMK1D, TSPAN/
LGR5, THADA, and ADAMSTS9, were identified in 
a genome-wide scan comprising a substantial sample 
size (4,549 cases and 5,579 controls) followed by rep-
lication testing and more than 2.2 million SNPs (either 
directly genotyped or imputed) [26].  

Most of the T2D genetics cohorts have now com-
bined to form DIAGRAM+, which yields an effective 
sample size of more than 22,000 subjects of European 
origin.  In a recent study, 2,426,886 imputed and geno-
typed autosomal SNPs, with additional interrogation of 
the X-chromosome, were examined for association with 
T2D as a categorical phenotype.  Twelve new loci were 
identified as susceptibility loci for T2D with a genome-
wide significance association (P < 5 x 10-8) [27].  
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tify ethnic group-specific T2D susceptibility loci, those 
were not captured in the European study.  In 2008, 2 
independent Japanese GWAS identified the KCNQ1 
locus as a T2D susceptibility locus [36, 37]; these stud-
ies were the first GWAS for T2D using non-European 
populations.  Subsequent replication studies performed 
in different ethnic groups revealed that variants within 
the KCNQ1 had the strongest effects on conferring sus-
ceptibility to T2D in several East Asian populations 
[38-41].  The association of the KCNQ1 locus with 
T2D could be replicated in European populations, but 
the minor allele frequencies were considerably lower 

firmed in Asian populations (Table 1).  However, there 
are significant interethnic differences in the risk allele 
frequency at several loci.  For example, risk allele fre-
quencies of TCF7L2 SNPs showing the strongest effect 
on T2D in European populations are very few in the 
Japanese (~5%) compared to populations of European 
descent (~40%).  As a result, TCF7L2 variants have 
a little effect on susceptibility to T2D in the Japanese 
(Table 3).  In addition, the associations between T2D 
and some loci are not consistent in Japanese popula-
tions.  Therefore, to explain T2D heritability in popu-
lations of Asian descent, it may be necessary to iden-

Table 2  Genetic loci associated with glycemic traits

Locus Marker Chr Type of SNP Trait
Risk allele frequencey

Effect size
Beta (S.E.) ReferencesHapMap 

CEU
HapMap 

JPT
PROX1 rs340874 1 2kb upstream FPG 0.56 0.35 0.013 (0.003) [33]
G6PC2 rs560887 2 Intronic FPG 0.64 0.96 0.075 (0.003) [28, 33]

HOMA-B -0.042 (0.004)
HbA1c 0.032 (0.004)

GCKR rs1260326 2 Missence:Leu446Pro 2h-PG 0.42 0.56 0.10 (0.01) [22]
rs780094 2 Intronic FPG 0.61 0.43 0.029 (0.003) [33]

FIRI 0.032 (0.004)
HOMA-IR 0.035 (0.004)

ADCY5 rs2877716 3 Intronic 2h-PG 0.75 1 0.07 (0.01) [34]
rs11708067 3 Intronic FPG 0.77 1 0.027 (0.003) [33]

HOMA-B -0.023 (0.004)
SLC2A2 rs11920090 3 Intronic FPG 0.86 0.99 0.02 (0.004) [33]
DGKB/
TMEM195 rs2191349 7 intergenic resion FPG 0.48 0.73 0.03 (0.003) [33]

GCK rs4607517 7 36kb upstream FPG 0.19 0.2 0.062 (0.004) [33]
HbA1c 0.041 (0.005)

SLC30A8 rs13266634 8 Missense:Arg325Trp FPG  0.76 0.55 0.027 (0.004) [33]
GLIS3 rs7034200 9 Intronic FPG 0.54 0.47 0.018 (0.003) [33]

HOMA-B -0.02 (0.004)
ARDA2A rs10885122 9 210kb downstream FPG 0.9 0.93 0.022 (0.004) [33]
TCF7L2 rs7903146 10 Intronic FPG  0.28 0.04 0.023 (0.004) [33]

rs12243326 10 Intronic 2h-PG 0.24 0.03 0.07 (0.01) [34]
HK1 rs7072268 10 Intronic HbA1c 0.5 0.65 0.12 (N/A) [80]
CRY2 rs11605924 11 Intronic FPG 0.13 0.32 0.015 (0.003) [33]
FADS1 rs174550 11 Intronic FPG 0.66 0.69 0.017 (0.003) [33]

HOMA-B -0.020 (0.003)
MADD rs7944584 11 Intronic FPG 0.71 0.98 0.021 (0.003) [33]
MTNR1B rs10830963 11 Intronic FPG 0.3 0.45 0.067 (0.003) [29, 30, 33]

HOMA-B -0.034 (0.004)
HbA1c 0.024 (0.004)

IGF1 rs35767 12 1.2kb upstream FIRI 0.89 0.7 0.01 (0.006) [33]
HOMA-IR 0.013 (0.006)

C2CD4B rs11071657 15 21kb downstream FPG 0.59 0.66 0.008 (0.003) [33]
VPS13C rs17271305 15 Intronic 2h-PG 0.59 0.85 0.07 (0.01) [34]
GIPR rs10423928 19 Intronic 2h-PG 0.18 0.21 0.11 (0.01) [34]
N/A; not available
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What have GWAS brought about so far?

1. Identified loci for T2D linked more frequently to 
beta-cell function than to insulin sensitivity

The etiology of T2D is a combination of beta-cell 
dysfunction and insulin resistance, which is promoted 
by either genetic or environmental factors (e.g., obesity, 
westernized diet, and life style).  Interestingly, most of 
the known T2D susceptible variants appear to influ-
ence insulin secretion rather than insulin resistance.  
For example, risk variants of CDKAL1, SLC30A8, and 
HHEX were shown to be associated with an impaired 
insulin response in glucose tolerance tests [21, 45-48].  
CDKN2A/B variants have been associated with 
impaired glucose-induced insulin secretion in healthy 
subjects [46].  In the MAGIC study, all the loci asso-
ciated with T2D, ADCY5, PROX1, GCK, GCKR, and 
DGKB-TMEM195 were associated with fasting glu-
cose/HOMA-β, whereas only GCKR was associated 
with HOMA-IR [33].  Another large meta-analysis from 
DIAGRAM+ demonstrated that of 31 confirmed T2D 
susceptibility loci, 10 (MTNR1B, SLC30A8, THADA, 
TCF7L2, KCNQ1, CAMK1D, CDKAL1, IGF2BP2, 
HNF1B, and CENTD2) were nominally associated with 
reduced HOMA-β and only 3 (PPARG, FTO, and KLF14) 
were associated with HOMA-IR [27].  Furthermore, all 
loci identified in the Japanese GWAS, namely, KCNQ1, 
UBE2E2, and C2CD4A-C2CD4B were shown to be 
associated with decreased beta-cell function in non-dia-
betic control groups [37, 42, 49].  Prior to the accumu-
lation of GWAS data, a genetic predisposition to insu-
lin resistance had been considered to play the dominant 
role in development of T2D, especially in populations 
of European origin.  The results obtained from GWAS, 
however, emphasize the crucial role of the pancreatic 
beta cells in the onset of T2D, and a genetic predisposi-
tion to reduced beta-cell function may contribute more 
to the susceptibility to T2D. 

than in East Asian populations (~7% versus ~40%, 
Table 3).  Thus, in contrast to TCF7L2, the impact of 
the KCNQ1 locus on T2D susceptibility was relatively 
small in European populations.  Since the KCNQ1 
locus was not captured in the European studies, this 
finding emphasizes the importance of examining sus-
ceptibility loci in different ethnic groups. 

Although the 2 previously mentioned Japanese 
GWAS successfully identified the KCNQ1 locus, these 
studies had limited sample sizes at the initial stage 
of the genome-wide scan.  The study of Unoki et al. 
[36] included 194 T2D cases vs. 1,558 controls, and 
the study by Yasuda et al. [37] had 187 T2D cases vs. 
752 controls; thus, an adequately powered GWAS for 
T2D has not yet been performed in East Asian popula-
tions.  Two additional T2D susceptibility loci, UBE2E2 
and C2CD4A-C2CD4B, were discovered in 2010 in a 
Japanese GWAS of a larger sample size (4,470 T2D 
vs. 3,071 controls) [42].  Associations between the 
C2CD4A-C2CD4B locus and T2D were confirmed by 
replication sets for both East Asian and European pop-
ulations; however, no association between UBE2E2 
and T2D was observed in the European population.  
Therefore, the UBE2E2 variants may affect develop-
ment of T2D specifically in East Asian populations 
through interactions with specific environmental fac-
tors and/or specific genetic factors other than UBE2E2.  
However, the possibility that the same UBE2E2 locus 
(perhaps through the same or different causal variants) 
is involved in the development of T2D in European 
populations cannot be excluded until the results of 
fine mapping and/or re-sequencing studies are avail-
able.  Recently, the association of 4 loci, PTPRD, SRR, 
CDC123/CAMK1D, and SPRY2 with T2D were shown 
to reach a genome-wide significance level in GWAS 
among Han Chinese in Taiwan and Shanghai [43, 44].  
However, the association of these 4 loci remains to be 
evaluated in independent replication cohorts. 

Table 3  Interethnic differences in the allele frequencies of SNPs in TCF7L2 and KCNQ1

Locus Marker Allele
(risk/other)

Risk allele frequency (control) Odds ratio (95%CI) Explained variance (%)a

Japanese European Japanese European Japanese European
TCF7L2 rs7903146 T/C 0.040 [42] 0.26 [22] 1.41 (1.26-1.58) [42] 1.33 (1.17-1.50) [22] 0.91 3.1

rs12255372 T/G 0.022 [14] 0.29 [6] 1.70 (1.20-2.41) [14] 1.52 (1.38-1.68) [6] 1.2 7.2

KCNQ1 rs2237897 C/T 0.61 [36] 0.96 [36] 1.41 (1.29-1.55) [36] 1.36 (1.16-1.60) [36] 5.6 0.73
rs2237892 C/T 0.59 [37] 0.93 [37] 1.43 (1.34-1.52) [37] 1.29 (1.11-1.50) [37] 6.2 0.84

a heritability explained by indicated variants caliculated based on risk allele frequencies in control groups and odds ratios 
reported in the references.    References are in brackets
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oping T2D.  This clinical application has been inves-
tigated in the Framingham Offspring Study [50], the 
Malmö Preventive Project (MPP), and the Botnia Study 
[51], among others [52, 53].  The studies examined 11 
to 20 loci associated with T2D, and a genetic score 
was calculated based on the number of risk alleles in 
subjects who developed diabetes during the follow-up 
period and those who remained disease-free.  The 
results of these analyses showed no clear improvement 
of predictive power by adding the genetic risk score to 
established risk prediction models composed of vari-
ous clinical and biochemical factors including age, 
sex, family history, body mass index, fasting glucose 
level, systolic blood pressure, and lipid profile.  The 
area under the receiver operating characteristics (ROC) 
curves was 0.74 and 0.75 with and without adding the 
genetic risk score, respectively [51].  

Despite this, subset analyses of the study cohorts 
suggested that genetic testing might be beneficial in 
younger patients before clinical manifestation of the 
phenotypic characteristics associated with T2D.  This 
possibility was recently examined by de Miguel-Yanes 
and colleagues, who re-calculated the genotype score 
of the Framingham Offspring Study using the updated 
list of 40 T2D susceptibility variants [54].  This study 
showed that the genetic score marginally improved the 
ability to predict future diabetes in subjects younger 
than 50 years; the increased risk was 24% per allele 
for individuals <50 years of age and 11% per allele for 
people ≥50 years of age.  

A genetic investigation suggested no increased risk 
of T2D in homozygous carriers of the TCF7L2 risk 
allele who were randomized to the lifestyle interven-
tion arm of the Diabetes Prevention Program (DPP), 
although carrying both copies of the risk allele usu-
ally confers an 80% increased risk of developing dia-
betes [7].  This is a good example of the clinical useful-
ness of genetic testing to allow detection of high-risk 
individuals with whom physicians should aggressively 
intervene.  At present, insufficient information is avail-
able to construct a genetic risk score for T2D and it is 
far from translating into clinical practice.  One study, 
however, reported that a “high risk” result from genetic 
testing would inspire 71% of the 152 healthy subjects 
interviewed to adopt healthy lifestyle changes [55].  
Therefore, despite the limited ability of genetic testing 
to predict T2D, genetic information may be more pow-
erful in influencing behavior that will result in a subse-
quent health benefit. 

2. Missing heritability 
GWAS have successfully identified novel T2D sus-

ceptibility loci that had not been captured by classi-
cal approaches.  However, based on the results of a 
European twin study, only ~10% of the known T2D 
heritability could be explained by those T2D suscepti-
bility loci [27].  Although there is no information to esti-
mate the T2D heritability in other ethnic populations, 
the sum of explained variance for all associated loci 
accounts for less than 20% heritability in the Japanese 
(our unpublished observation), suggesting the existence 
of a large portion of “missing heritability.”  To search 
for the missing heritability, several limitations of the 
current strategy for GWAS should be considered.  

First, there are a considerable number of uncaptured 
SNPs in the public database, and there has been insuf-
ficient effort to perform GWAS for populations other 
than those of European origin.  Second, the currently 
accepted significant threshold for GWAS (P < 5 x 10-8) 
may produce type 2 errors (false-negative results), and 
it is expected that many important loci are obscured 
among loci having only borderline associations; these 
could be captured in larger-scale analyses of different 
ethnic populations.  A third limitation is the role of low-
frequency risk variants that may have relatively large 
effects.  The rationale of GWAS is based on the “com-
mon disease-common variant” hypothesis, and studies 
have focused on finding common variants associated 
with the disease; therefore, susceptibility variants hav-
ing a minor allele frequency (MAF) of less than 1% are 
frequently missed.  

Improving on the limitations of GWAS as they are 
currently performed will uncover other loci contribut-
ing to the disease.  To overcome these limitations, the 
genome-wide exon (exome) sequencing strategy should 
be facilitated by ultra high-throughput sequencing tech-
nology (next-generation sequencers).  In this analysis, 
a part of the missing heritability may be explained by 
identifying the clustering of rare variants within partic-
ular genes in the affected individuals.  The introduction 
of next-generation sequencers will also help to solve 
missing heritability by accelerating studies of the tran-
scriptome, large-scale sequence analysis of small RNAs, 
and/or epigenetic analyses such as the methylome. 

3. Translation of T2D genetics into clinical practice: 
the possibility of disease prediction and prevention

One of the most anticipated clinical uses of genetic 
information is to predict an individual’s risk of devel-
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datasets.  The success of these missions, followed by 
the start of GWAS held out the hope that personalized 
medicine would be realized within the next several 
years.  The first GWAS data were published in 2007 
by WTCCC, and since then, more than 1,100 loci have 
been discovered [61].  Although this is excellent prog-
ress, it has also been recognized that the information 
obtained from GWAS has been insufficient to improve 
human health.  In the field of T2D, GWAS has identi-
fied many new and convincing T2D susceptible loci.  
This too is an excellent start, but the entire heritability 
of T2D remains largely unexplained, despite the grow-
ing list of T2D susceptibility variants described here.  

Over the next few years, certain modifications of the 
GWAS study design will be necessary.  Much larger 
intra- or trans-ethnic sample sizes will be required to 
increase the power for detection, which may be con-
ducted in meta-analyses.  Examining populations of 
non-European descent is likely to identify additional 
T2D loci, and this should be performed more vigor-
ously.  An alternative option is subgroup analysis, 
which could eliminate the phenotypic variations that 
minimize the power for detection.  

Association analyses of rarer variants for T2D are 
an additional option.  In this regard, the search for 
low-frequency variants will be facilitated by the 1000 
Genomes Project [62].  This international collabora-
tive initiative is using next generation whole-genome 
sequencing technology to systematically catalog all 
variants with a minor allele frequency of greater than 
1% in at least 1000 genomes.  Exome sequencing is 
also an efficient strategy to selectively sequence the 
coding regions of the human genome to identify novel 
genes associated with rare and common disorders.  
Routine whole-genome sequencing of large numbers 
of individuals is still not feasible, in part due to the high 
cost associated with the technique, and the exome rep-
resents an enriched portion of the genome that can be 
used to search for variants with large effect sizes.  

Further, examining non-additive gene-gene interac-
tions and/or gene-environmental interactions may lead 
to the discovery of novel pathways that synergize to 
increase the risk of developing T2D.  

Efforts must be made over the coming decade to 
translate new findings from GWAS to the clinic, which 
could attract the interest of most endocrinologists.  One 
potential clinical application is the development of 
genetically based personalized susceptibility profiles 
to aid in the prediction, early identification, and pre-

4. Translation of T2D genetics into clinical practice: 
the possibility of identifying novel therapeutic targets 

Although many new and interesting T2D suscep-
tibility loci have been identified, it is challenging to 
translate them into clinical practice, especially for 
developing new drugs.  A major obstacle is that dis-
ease-associated SNPs are usually annotated by the gene 
in closest proximity; however, the protein encoded by 
that gene may not have a causative role in the develop-
ment of T2D in humans.  In fact, for most of the iden-
tified T2D susceptibility loci, the causal variants and 
molecular mechanisms for diabetes risk are unknown.  
Furthermore, most genetic risk variants are found in the 
intronic or non-coding regions of genes and are more 
likely to affect regulation of transcription rather than 
gene function per se, thus being unlikely to be directly 
linked to the gene’s biological function. 

Nevertheless, GWAS have provided many useful 
insights into the pathophysiology of T2D.  For exam-
ple, the first T2D GWAS identified the T2D suscep-
tibility variant rs13266634, which encodes an R →W 
change at position 325 in the SLC30A8 gene [20].  The 
SLC30A8 encodes ZnT-8, which transports zinc from 
the cytoplasm into secretory vesicles for insulin storage 
and secretion [56].  A therapeutic agent that enhances 
the intracellular function of this transporter could the-
oretically increase insulin secretion and lower blood 
glucose levels.  In addition, other T2D susceptibility 
variants confirmed by GWAS include variants within 
the genes PPARG and KCNJ11 that encode targets of 
the established oral hypoglycemic agents, thiazoli-
dinediones and sulphonylureas, respectively [57, 58].  
Therefore, elucidating the mechanisms by which each 
susceptibility locus contributes to T2D will improve 
our understanding of the pathophysiology of T2D and 
will provide new and useful information for the devel-
opment of new drugs for the treatment and/or preven-
tion of T2D. 

Future perspective

Ten years have passed since the first draft of the 
human genome sequence was published [59, 60].  
During the past decade, the human genome (sequenc-
ing) project was completed, and a large body of infor-
mation on the human genome has been accumulated.  
Simultaneously, several high-throughput genotyping 
technologies have been developed, as well as statis-
tical methods and/or tools for handling innumerable 



731T2D genetics

clinical impact to date is not surprising as this branch 
of genetic research is still in its infancy, and it will be a 
challenge to translate the GWAS findings into improved 
care for patients with diabetes.  The focus of ongoing 
research efforts include detailed functional character-
ization of the identified T2D susceptibility variants and 
the search for missing heritability.  GWAS have pro-
duced a significant breakthrough in the field of com-
mon disease genetics, but this alone will not provide 
sufficient information.  Translating information on the 
human genome into clinical practice has proven to be 
more challenging than was expected in 2003, when the 
Human Genome Project ended.  According to the plan 
published by the National Human Genome Research 
Institute on February 2011, the impact of human 
genome data on health care will begin to build only 
after 2020 [64].  We still have a long way to go.  

vention of T2D or its complications.  
Pharmacogenetics is also a promising clinical appli-

cation of the genetic findings for T2D.  Genetic pro-
filing may allow personalized medicine by facilitat-
ing optimal treatment choices that maximize clinical 
efficacy and minimize toxicity.  Recently, a GWAS of 
the glycemic response to metformin identified a SNP 
associated with treatment success at a locus contain-
ing the ataxia telangiectasia mutated gene (ATM) [63].  
Although genetic background alone is insufficient to 
predict treatment response at an individual level, accu-
mulation of these pharmacogenetic data is necessary 
for the future development of personalized medicine.  

Conclusion

The exciting results generated by GWAS have led to 
intense discussion of their clinical utility.  The lack of 
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