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Abstract
Objectives—Recent genome-wide association studies (GWAS) have identified more than 40
common sequence variants associated with type 2 diabetes (T2D). However, the results are not
always the same in populations with differing genetic backgrounds. We evaluated a hypothesis
that a North Asian population living in a geographic area with unusually harsh environmental
conditions developed unique genetic risks.

Methods—We performed a population-based association study with 21 single-nucleotide
polymorphisms (SNPs) in 9 genes selected according to the results of GWAS conducted in other
populations. The study participants included 393 full-heritage Mongolian individuals, 177
diagnosed with T2D and 216 matched controls. Genotyping was performed by TaqMan
methodology.

Results—The strongest association was detected with SNPs located within the potassium-
channel coding KCNQ1 (highest OR=1.92; P=3.4×10−5) and ABCC8 (OR=1.79; P=5×10−4)
genes. Genetic variants identified as strongly influencing the risk of T2D in other populations such
as those in KCNJ11 or TCF7L2 genes did not show statistically significant association in
Mongolia.

Conclusions—The strongest T2D risk-associated SNPs in Mongolians are located within 2 of 3
tested potassium-channel coding genes; accumulated variations in these genes may be related to
environmental exposure to extreme cold.
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Introduction
Genome-wide association studies have identified more than 40 genomic loci associated with
the risk for type 2 diabetes mellitus.1 The results of GWAS conducted in European or
American mixed populations2 were partly inconsistent with subsequent studies in Asians,3,4

suggesting that specific gene variants may independently influence risk of T2D in
populations having unique demographic origins and history. The differences were most
striking between the signals reported for the KCNQ1 locus that were strong in Asians (OR
1.42; p=2.5×10−40 [3]) but have not reached significance in several studies of Europeans,2

before a weaker association (OR 1.08; p=2.8×10−13) was detected with another SNP.5

Conversely, TCF7L2 considered the strongest candidate in the Europeans2 was not as
prominent in at least some Asians populations.6 The new challenge in the post-GWAS era is
to validate the genetic associations through replication of the candidate genes in various
populations because the efficiency of individual gene-directed medications may depend on
genetic background.7

Northern populations are exposed to unique ecological conditions including severe chronic
cold stress, marked seasonality, sparse vegetation, and low overall energy availability.8 It
has been hypothesized that survival in the harsh environment may be associated with the
accumulation of risk alleles that predispose to T2D.9 The Mongolian population selected for
this study has generally low but rapidly increasing prevalence of T2D (currently 8.9% of the
population at age >25). 10

The purpose of this study was to replicate genetic associations previously reported in GWAS
and map more densely the candidate regions in order to detect risk alleles predisposing
Mongolians to T2D.

Methods
Study population

Mongolia is one of the most sparsely populated areas in the world with 1.6 inhabitants per
square kilometer. The average life expectancy is 61.6 years for males and 67.8 for females.
T2D prevalence in Mongolia grew among adult urban population from 3.2% in 1999 to
8.9% in 2009.10 Patients were diagnosed using the World Health Organization diagnostic
criteria, officially registered, and received treatment for this condition. Each patient
underwent annual follow-up that included an exam, biochemical tests, and adjustment of
treatment regiments. The non-diabetic control group included age, gender and place of
residence matched individuals in which diabetes has been excluded. Control individuals
were not related to the T2D patients or each other. The study population included 393 full-
heritage Mongolian individuals, of which 177 were patients affected with T2D at various
stages of the disease and 216 were control subjects. The T2D-affected individuals in our
study were on average in their mid-50s at the time of sample collection and did not differ
significantly from the current age of control individuals (P=0.52). The patients had an
increased body mass index (30.5±9.0 vs. 27±4.7 in controls; P=0.0008) and fasting plasma
glucose level (12.45±5.6 vs. 6.5±2.1 in controls; P=0.0001) and HbA1c (9.1±2.4 vs. 5.5±0.9
in controls; P=0.0001). The study was in compliance with the Helsinki Declaration.
Research protocols were approved by a local Ethics Committee and Institutional Review
Boards of participating institutions. Informed consent was obtained from each participant.

Genotyping
For the purposes of this analysis, we selected 21 SNPs in 9 genes, ABCC8, CDKN2A/B,
CDKAL1, KCNJ11, KCNQ1, HHEX, PPARg, SCL30A8, and TCF7L2, shown to be
associated with T2D in GWAS or association studies with individual genetic markers
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performed in other populations. SNPs were genotyped using Taqman® SNP Genotyping
assays with TaqMan Universal PCR Master Mix (No AmpErase® UNG) or TaqMan®
Genotyping Master Mix (both from Applied Biosystems, Foster City, CA). All reactions
were run on an ABI7300 system and analyzed using SDS 1.2 software (Applied Biosystems,
Foster City, CA). The results were consistent with direct sequencing of selected samples
and/or testing with dHPLC on automated WAVE Nucleic Acid Fragment Analysis System
(Transgenomic, Omaha, NE).

Statistical analysis
We tested association between candidate gene SNPs and T2D using logistic regression.
Estimated odd ratios (ORs) are equivalent to those obtainable from Cochran-Armitage trend
test. Under the widely accepted additive genetic model for this disorder, trend test is more
robust to deviations from Hardy-Weinberg equilibrium, hence preferred to other tests such
as the ones calculated by contrasting allele frequencies or homozygosity frequencies.11

Study-wide threshold P value for association was set at 0.0024 by applying Bonferroni
correction for testing 21 SNPs. Formal statistical tests and parameter estimations including
95% confidence intervals were carried out using SAS/STAT 9.2 (SAS Institute Inc, Cary,
NC). Pair-wise estimates for linkage disequilibrium (r2) between neighboring markers
located in the same locus were calculated using Haploveiw (Broad Institute of MIT and
Harvard, USA, version 4.1).

Results
The prevalence of type 2 diabetes in Mongolia has increased three-fold in the last 10 years,
with an alarming tendency of further growth. A total of 21 SNPs in 9 genes were genotyped
in 177 T2D patients and genotype profiles compared to 216 controls. Initially, variations in
four genes, PPARg, CDKAL1, KCNQ1, and ABCC8, have shown weak association with
T2D. Denser mapping with additional follow-up SNPs was carried out within the KCNQ1
and ABCC8 candidate loci. P-values for 3 SNPs in KCNQ1 (rs2237892, rs2237895, and
rs2237897) and 2 SNPs in ABCC8 (rs1799858 and rs2074308) overcame the P=0.0024
threshold adjusted for multiple testing (Table). The three positively associated KCNQ1
SNPs are located within intron 15, and the ABCC8 signals are in a relatively short fragment
between intron 11 and exon 14 (Figure). The strongest signals were detected with marker
rs2237897 in KCNQ1 gene (OR=1.92; p=3.4×10−5) and rs2074308 in ABCC8 (OR=1.79;
p=5×10−4). Of the neighboring SNPs with positive association, the rs1799858 and
rs2074308 were in low linkage disequilibrium (r2=0.134), and the three SNPs located within
the KCNQ1 exon 15, rs2237892, rs2237895, and rs2237897, showed moderate correlation,
r2=0.324 and r2=0.444, respectively. Marker rs7903146 in TCF7L2 frequently replicated in
large-scale T2D studies showed no evidence of association in the Mongolians (OR=1.17;
P=0.488). The second most replicated marker rs5219 of KCNJ11 also failed to show signs
of association (OR=1.07; P=0.645). Signals in PPARg and CDKAL1 genes did not
overcome the P-value threshold adjusted for multiple testing. We were likewise unable to
confirm the association with two SNPs within the retinol binding protein 4 gene reported in
the only previous study of T2D in Mongolia.12

Discussion
We found variants rs2237892, rs2237895, and rs2237897 located in intron 15 of the KCNQ1
gene to be associated with T2D in Mongolians. Similar results have previously been
obtained in Japanese cohorts and replicated in Chinese, Korean, Swedish and Danish
populations.3,4,5 Our studies in the Mongolian population confirm these earlier reports.
KCNQ1 located on chromosome 11p15.5 encodes a pore-forming subunit of voltage-gated
potassium channel that is expressed in β-cells. The channel has a role in insulin secretion.
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Follow-up genetic studies have shown that the intron 15 KCNQ1 risk alleles are associated
with impaired insulin secretion presumably through altering the KCNQ1 gene expression in
β-cells.3,13 Rare mutations in KCNQ1 are known to cause potassium channel dysfunction
leading to a form of cardiac long QT syndrome (LQT1) and serious arrhythmias, ventricular
fibrillation and cardiac arrest.14

The second strong signal associated with risk of T2D in Mongolians was detected in the
KCNJ11/ABCC8 region located on chromosome 11p15.1. KCNJ11 encodes the inwardly
rectifying potassium channel Kir6.2, and ABCC8 codes for sulfonylurea receptor 1 (SUR1);
they together form a β-cell adenosine triphosphate–sensitive potassium channel (KATP).
KATP channels regulate insulin release from β-cells. Rare heterozygous activating mutations
in these genes are the cause of permanent neonatal diabetes.15 The KCNJ11 E23K variant
was consistently found to be associated with T2D in multiple studies, but this SNP is in
complete linkage disequilibrium with a non-synonymous S1369A variant in the neighboring
ABCC8 gene.16 In comparative experiments it was the ABCC8 A1369 and not the KCNJ11
K23 allele that was responsible for the effect of decreased ATP inhibition.17 These and other
studies led to a hypothesis that the role of ABCC8 in T2D development is underestimated
and that the 11p15.1 chromosomal region needs to be analyzed for further contributing
variants.18 Indeed, rare mutations in exons 4,5, and 7 of ABCC8 exerting a relatively minor
or no effect on KATP channel activity still caused type 2 diabetes in adult patients.19 Our
data contribute a new observation indicating that two SNPs in ABCC8 are in fact associated
with the disease in Mongolians.

Populations living in cold environments require higher energy use and can significantly
enhance fat utilization by increasing insulin sensitivity20 through minute changes in genes
that could have been critical for survival. The KCNQ1 encoded potassium channel is known
to be reacting to cold environment: swimming in cold water causes prolongation of the QT
interval and results in syncope and frequent drawning in patients with long QT syndrome
associated with mutations in KCNQ1.21 Dramatic improvements within the past 10–20 years
of living conditions and work requirements promoting sedentary lifestyle in combination
with the traditional habits of meat and animal fat consumption resulted in an abrupt and
extensive exposure to the risks of type 2 diabetes.10

The estimated effects of the associated variants seem larger than in other reports, which may
reflect the fact that the Mongolian population is smaller and more homogeneous than the
previously studied populations. At the same time, as the sample size in this study is small
and statistical power limited, negative results on several loci such as KCNJ11 or TCF7L2
associated with T2D in other populations (including Asians22,23) are not strong enough for
exclusion and need further evaluation.

Genetic variants predisposing to T2D are expected to influence the choice of therapeutic
strategies. A recent study24 evaluated the effects of widely used T2D treatment modalities in
individuals possessing intron 15 KCNQ1 risk alleles. After Repaglinide treatment, the TT
homozygotes at rs2237892 showed lower 2-h glucose levels than the C allele carriers.
Repaglinide is a fast-acting insulin secretagogue that initiates insulin secretion by closing
the ATP-dependent potassium channels. Rosiglitazone showed a less pronounced effect. In
infants with neonatal diabetes due to mutations in the ATP-sensitive potassium channel
encoded by ABCC8 and KCNJ11 genes the disease can be successfully treated with oral
sulfonylurea-based medications rather than lifelong insulin injections.25

In conclusion, this study replicates data regarding the role of KCNQ1 variants in the
development of type 2 diabetes in an independent ancient Asian population. The association
with ABCC8 genetic variants indicates their participation in the causation of type 2 diabetes
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in Mongolians, most likely as a result of functional interaction with the effects of other
potassium channel gene.

• The significant finding of the study is establishing of an association between
genetic variants in potassium-channel genes KCNQ1 and ABCC8 and the
development of type 2 diabetes in the Mongolian population.

• The study adds that potassium channels known to be affecting the adjustment to
harsh environmental conditions may accumulate genetic defects that predispose
to type 2 diabetes.
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Figure.
Plots of T2D association signals in KCNQ1 (Panel A) and KCNJ11/ABCC8 (Panel B) genes
detected in the Mongolian population. P-values for the association (in −log10 scale) are
shown for each SNP as diamonds and plotted according to their location on chromosome 11.
The strongest P-values for 3 SNPs in KCNQ1 (rs2237892, rs2237895, and rs2237897) and 2
SNPs in ABCC8 (rs1799858 and rs2074308) overcame the P-value threshold adjusted for
multiple testing (P=0.0024).
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