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Association of variants in genes involved in pancreatic
b-cell development and function with type 2 diabetes
in North Indians

Sreenivas Chavali1,4, Anubha Mahajan1,4, Rubina Tabassum1, Om Prakash Dwivedi1, Ganesh Chauhan1,
Saurabh Ghosh2, Nikhil Tandon3 and Dwaipayan Bharadwaj1

Variants in genes involved in pancreatic b-cell development and function are known to cause monogenic forms of type 2

diabetes and are also associated with complex form. In this study, we studied the genetic association of polymorphisms in such

important genes with type 2 diabetes in the high-risk Indians. We genotyped 91 polymorphisms in 19 genes (ABCC8, HNF1A,

HNF1B, HNF4A, INS, INSM1, ISL1, KCNJ11, MAFA, MNX1, NEUROD1, NEUROG3, NKX2.2, NKX6.1, PAX4, PAX6, PDX1,

USF1 and WFS1) in 2025 unrelated North Indians of Indo-European ethnicity comprising of 1019 diabetic and 1006 non-

diabetic subjects. HNF4A promoter P2 polymorphisms rs1884613 and rs2144908, which are in high linkage disequilibrium,

showed significant association with type 2 diabetes (odds ratio (OR)¼1.37 (95% confidence interval (CI) 1.19–1.57),

P¼9.4�10�6 for rs1884613 and OR¼1.37 (95%CI 1.20–1.57), P¼6.0�10�6 for rs2144908), as previously shown in other

populations. We observed body mass index-dependent association of these variants with type 2 diabetes in normal-weight/lean

subjects. Variants in USF1, ABCC8, ISL1 and KCNJ11 showed nominal association, while haplotypes in these genes were

significantly associated. rs3812704 upstream of NEUROG3 significantly increased risk for type 2 diabetes in normal-weight/

lean subjects (OR¼1.68 (95%CI 1.25–2.24), P¼4.9�10�4). Thus, pancreatic b-cell development and function genes

contribute to susceptibility to type 2 diabetes in North Indians.
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INTRODUCTION

Type 2 diabetes (T2D) is characterized by impaired glucose tolerance
and defects in insulin function and/or secretion resulting in insulin
resistance. Studies of maturity-onset diabetes of the young in humans
have shown that mutations in transcription factors required for
development, differentiation and maintenance of pancreatic b-cells
lead to b-cell dysfunction and hence, T2D.1 Several studies in various
ethnic populations have shown association of polymorphisms in genes
involved in b-cell development and function with T2D and associated
phenotypes.2–7 Importantly, genome-wide association studies have
also deciphered associations with loci predominantly involved in
b-cell function.8

Indians have the highest incidence and prevalence of T2D world-
wide.9 Previous studies in Indians have suggested role of genetic
variants in genes involved in b-cell development and function in
T2D. We showed strong association of variants in FOXA2, an

upstream activator of b-cell transcription factor network and
KCNJ11, a regulator of insulin secretion with T2D, influenced by
obesity in North Indians.3,4 Another study in Dravidians from South
India demonstrated association of polymorphisms in NEUROD1,
NEUROG3 and HNF1A, involved in b-cell development and function,
with glucose intolerance.7 Therefore, it is paramount to comprehen-
sively assess the role of these genes in high-risk Indians. Here, we have
evaluated genetic association of 91 single-nucleotide polymorphisms
in 19 genes involved in pancreatic b-cell development and function
with T2D and related metabolic traits in North Indians.

MATERIALS AND METHODS
We analyzed a study population of 2025 unrelated North Indian subjects of

Indo-European ethnicity comprising 1019 T2D patients (cases) and 1006 non-

diabetic subjects (controls). Cases were recruited from the Endocrinology clinic

of All India Institute of Medical Sciences, New Delhi, in accordance with WHO
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Expert Committee criteria.10 Recruitment of cases and controls was carried out

as previously described.3,11 The study was carried out in accordance with the

principles of Helsinki Declaration and approved by the ethics committee

of both institutions. Informed written consent was obtained from all the

participants.

Anthropometric measurements (height, weight, waist and hip circumfer-

ences) were carried out as per standardized protocols and body mass index

(BMI) and waist hip ratio was calculated. Biochemical measurements including

levels of glycated hemoglobin, fasting and 2-h postload plasma glucose, fasting

plasma insulin, C-peptide, total cholesterol, high-density lipoprotein cholester-

ol, low-density lipoprotein cholesterol, triglyceride and calculation of HOMA-

IR and HOMA-B were carried out as described previously.3,11,12

We selected 19 genes involved in pancreatic b-cell development and function

including ABCC8, HNF1A, HNF1B, HNF4A, INS, INSM1, ISL1, KCNJ11,

MAFA, MNX1, NEUROD1, NEUROG3, NKX2.2, NKX6.1, PAX4, PAX6,

PDX1, USF1 and WFS1. We selected 91 polymorphisms including those

associated with any disease including T2D, located in the functional regions

of genes, polymorphic in at least two HapMap II populations and/or tag SNPs

from HapMap data from these genes (Supplementary Table 1).

Genotyping of 81 polymorphisms was carried out using Illumina Gold-

enGate assay and stringent quality control checks were applied.13 Samples with

a poor call rate (410% missing) were excluded from further analysis. All the

polymorphisms passed the quality check and had an average call rate of 98.2%

and concordance rate 499% based on 7.2% duplication. Ten polymorphisms

were genotyped using iPLEX (Sequenom, San Diego, CA, USA). The average

genotyping success rate for these was 96.1%, with 499% consensus rate on a

subset of 4% duplicate samples. Genotype frequencies for all the polymorph-

isms are provided in Supplementary Table 1. Loci that were monomorphic or

had a minor allele frequency o5% in North Indians were not considered for

association analysis.

We assessed deviation of genotypic frequencies from Hardy-Weinberg

equilibrium (HWE) using w2-test. Polymorphisms with deviations in HWE

(Po5.81�10�4; a¼0.05/86) in controls (rs2071190 of HNF1A and rs6446482

of WFS1) were disregarded. Further analysis was carried out using 84 poly-

morphisms. Using additive model, we analyzed differences between genotype

distribution frequencies and performed logistic regression to determine asso-

ciation with T2D after adjusting for age, sex and BMI. A P valueo5.9�10�4

was considered significant after correcting for multiple testing (Bonferroni’s

correction; a¼0.05/84). The uncorrected P values are provided in the text.

Power of the study was estimated using QUANTO version 1.2.14 Linear

regression analysis was performed to test association of polymorphisms with

natural log-transformed quantitative traits. Haplotype association analysis was

carried out using Haploview 4.1.15 Only haplotypes with frequency 410%

were used and statistical significance was assessed based on 10 000 permuta-

tions. Meta-analysis was performed by combining summary estimates under

random effect model. The forest plot for meta-analysis was drawn using STATA

v. SE 10.1 (StataCorp, College Station, TX, USA). Statistical analyses were

performed using SPSS version 17.0 (SPSS, Chicago, IL, USA) and PLINK.16

Table 1 Genotype and haplotype associations in the genes involved in pancreatic b-cell development and function with T2D in North Indians

Gene; polymorphism

MAF cases/

controls

OR a (95% CI);

P-value a

ORadj
b (95% CI);

P-valueadj
b Gene/s polymorphisms

Haplotypes;

frequency in

cases/

controls OR; P-value

ORadj
b

P-valueb

ABCC8; rs985136 0.40/0.44 0.86 (0.76–0.97);

0.017

0.86 (0.76–0.98);

0.021

ABCC8; rs1805036,

rs1799854

GT; 0.33/

0.36

0.87; 0.04 0.87; 0.03

ABCC8; rs1799854 0.33/0.36 0.87 (0.76–0.99);

0.03

0.86 (0.76–0.99);

0.03

ABCC8; rs1805036,

rs1799854

GC; 0.61/

0.58

1.17;

0.016

1.18; 0.013

ABCC8; rs757110 0.42/0.38 1.17 (1.03–1.33);

0.017

1.16 (1.02–1.32);

0.026

KCNJ11, ABCC8; rs5210,

rs5215, rs5219,

rs5222, rs7124355, rs757110

GCTGAG;

0.39/0.35

1.17;

0.017

1.15; 0.03

ABCC8; rs7124355 0.38/0.35 1.15 (1.01–1.31);

0.03

1.13 (0.99–1.29);

0.06

HNF4A; rs1884613,

rs2144908

GT; 0.33/

0.27

1.33;

5.3�10�5

1.35;

2.8�10�5

HNF4A; rs1884613 0.34/0.27 1.35 (1.17–1.54);

1.9�10�5

1.37 (1.19–1.57);

9.4�10�6

HNF4A; rs1884613,

rs2144908

CC; 0.67/

0.73

0.73;

8.2�10�6

0.72;

3.5�10�6

HNF4A; rs2144908 0.33/0.27 1.35 (1.18–1.54);

1.5�10�5

1.37 (1.20–1.57);

6.0�10�6

ISL1; rs2288468, rs3811911,

rs991216, rs1017

TCCA; 0.70/

0.65

1.24;

1.5�10�3

1.26;

8.9�10�4

ISL1; rs2288468 0.30/0.35 0.81 (0.71–0.92);

1.7�10�3

0.80 (0.70–0.91);

1.0�10�3

ISL1; rs2288468, rs3811911,

rs991216, rs1017

CTGT; 0.13/

0.16

0.77;

4.3�10�3

0.78;

5.1�10�3

ISL1; rs3811911 0.13/0.16 0.77 (0.64–0.92);

4.1�10�3

0.77 (0.65–0.92);

4.8�10�3

USF1; rs3737787,

rs2774276, rs2073653,

rs2516839, rs2516838,

rs2516837

AGAACC;

0.11/0.14

0.76;

3.4�10�3

0.74;

2.0�10�3

ISL1; rs991216 0.30/0.35 0.81 (0.71–0.93);

3.1�10�3

0.82 (0.70–0.92);

1.9�10�3

ISL1; rs1017 0.29/0.34 0.81 (0.70–0.93);

2.6�10�3

0.80 (0.69–0.92);

1.4�10�3

KCNJ11; rs5215 0.39/0.35 1.19 (1.05–1.35);

8.8�10�3

1.17 (1.03–1.34);

0.017

KCNJ11; rs5219 0.39/0.35 1.19 (1.05–1.36);

8.6�10�3

1.17 (1.03–1.34);

0.017

USF1; rs3737787 0.11/0.14 0.75 (0.63–0.91);

3.3�10�3

0.74 (0.61–0.89);

1.8�10�3

Bold letters in the genotype association columns indicate significant P-values after correcting for multiple comparisons.
For haplotype associations P-value estimates are based on 10000 permutations.
aBased on additive model.
bAdjusted for age, sex and BMI.
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RESULTS

The clinical and anthropometric details of the study population have
been provided in Supplementary Table 2. Of the 84 variants in 19 genes
analyzed, 13 in five genes showed significant association (Po0.05) with
T2D (Table 1). The HNFA promoter P2 polymorphisms rs1884613 and
rs2144908 (Odds ratio (OR)¼1.35 (95% confidence interval (CI) 1.17–
1.54) P¼1.9�10�5 and OR¼1.35 (95%CI 1.18–1.54), P¼1.5�10�5

respectively) showed significant association after correcting for multi-
ple testing. The association retained significance upon adjusting for
age, sex and BMI (OR¼1.37 (95%CI 1.19–1.57), P¼9.4�10�6 for
rs1884613 and OR¼1.37 (95%CI 1.20–1.57), P¼6.0�10�6 for
rs2144908). The common variant rs5219 (E23 K) in KCNJ11 associated
with T2D through genome-wide association studies, also showed
nominal association in North Indians. WFS1 polymorphism
rs10010131, which was previously associated with T2D in other ethnic
groups did not show any association in North Indians.

The major haplotype (CC) at the promoter locus of HNF4A
involving the polymorphisms rs1884613 and rs2144908 increased
risk for T2D while the minor GT haplotype conferred protection
(Table 1). Similarly, the major haplotype TCCA in ISL1 involving
rs2288468, rs3811911, rs991216 and rs1017 polymorphisms conferred
susceptibility to T2D, while the less frequent CTGT haplotype con-
ferred protection. The AGAACC haplotype of USF1 was significantly
decreased in the cases conferring protection from T2D.

Our previous studies demonstrated an influence of obesity on the
association of genetic variants with T2D in North Indians.3,17 Here, we
investigated the risk for T2D conferred by these genetic variants by
segregating the subjects into obese (BMIX25 kg m�2) and non-obese
(BMIo 25 kg m�2) based on WHO criteria for Asian population.18

Polymorphisms in HNF1A, HNF4A, ISL1 and USF1 showed nominal
association with T2D in obese subjects (Table 2). Haplotype associa-
tions were observed with variants across KCNJ11 and ABCC8 and in

Table 2 Genotype association of polymorphisms with T2D in different study groups determined based on BMI

Gene; polymorphism OR (95% CI); P-value

ORadj
a (95% CI);

P-valueadj
a Gene/s; polymorphisms Haplotypes OR; P-value

ORadj
a;

P-valueadj
a

Obese subjects (cases¼476; controls¼388)

HNF1A; rs7953249 0.82 (0.67–0.99);

0.05

0.81 (0.67–0.99);

0.04

HNF1A; rs7953249, rs1920792,

rs1169288

AGT 0.80; 0.03 0.80; 0.03

HNF4A; rs6093978 0.80 (0.66–0.98);

0.03

0.81 (0.67–0.99);

0.04

KCNJ11, ABCC8; rs1002227,

rs5210, rs5215, rs5219, rs5222,

rs7124355, rs757110

CGTCGGT 0.78; 0.03 0.78; 0.03

ISL1; rs2288468 0.79 (0.64–0.97);

0.03

0.79 (0.64–0.97);

0.03

ISL1; rs2288468, rs3811911,

rs991216, rs1017

TCCA 1.27; 0.03 1.27; 0.03

ISL1; rs991216 0.80 (0.64–0.98);

0.03

0.79 (0.64–0.98);

0.03

USF1; rs3737787, rs2774276,

rs2073653, rs2516839,

rs2516838, rs2516837

AGAACC 0.71; 0.01 0.68;

6.3�10�3

ISL1; rs1017 0.78 (0.63–0.97);

0.03

0.78 (0.63–0.97);

0.02

USF1; rs3737787 0.70 (0.54–0.93);

0.012

0.68 (0.51–0.89);

5.6�10�3

Non-obese subjects (cases¼509; controls¼610)

ABCC8; rs722341 0.74 (0.57–0.95);

0.02

0.72 (0.55–0.94);

0.02

ABCC8; rs722341, rs3819523 AG 0.74; 0.03 0.71; 0.02

ABCC8; rs757110 1.21 (1.02–1.44);

0.03

1.11 (0.92–1.33);

0.27

ABCC8; rs722341, rs3819523 GG 1.22; 0.04 1.2; 0.06

ABCC8; rs7124355 1.21 (1.01–1.44);

0.03

1.11 (0.92–1.33);

0.28

HNF4A; rs1884613, rs2144908 GT 1.45;

7.61�10�5

1.42;

3.86�10�4

HNF4A; rs1884613 1.48 (1.23–1.77);

2.96�10�5

1.44 (1.19–1.75);

1.8�10�4

HNF4A; rs1884613, rs2144908 CC 0.66;

9.88�10�6

0.68;

6.56�10�5

HNF4A; rs2144908 1.48 (1.23–1.77);

2.84�10�5

1.45 (1.20–1.76);

1.4�10�4

KCNJ11; rs1002227, rs5210 CG 1.22; 0.03 1.17; 0.11

INSM1; rs10470054 1.33 (1.01–1.75);

0.04

1.40 (1.05–1.88);

0.02

KCNJ11, ABCC8; rs5215, rs5219,

rs5222, rs7124355, rs757110

CTGAG 1.25; 0.01 1.14; 0.16

ISL1; rs2288468 0.80 (0.67–0.96);

0.02

0.79 (0.65–0.96);

0.02

ISL1; rs2288468, rs3811911,

rs991216, rs1017

CTGT 0.75; 0.02 0.73; 0.02

ISL1; rs3811911 0.74 (0.58–0.95);

0.02

0.72 (0.56–0.93);

0.01

ISL1; rs2288468, rs3811911,

rs991216, rs1017

TCCA 1.25; 0.02 1.27; 0.01

ISL1; rs991216 0.80 (0.67–0.97);

0.02

0.79 (0.65–0.97);

0.02

NEUROG3; rs3812704,

rs2812545

AG 1.48;

9.3�10�4

0.74;

3.6�10�3

ISL1; rs1017 0.80 (0.67–0.97);

0.02

0.79 (0.64–0.96);

0.02

NEUROG3; rs3812704,

rs2812545

GG 0.77;

6.9�10�3

0.74;

3.6�10�3

KCNJ11; rs5219 1.3 (1.05–1.49); 0.01 1.14 (0.95–1.37);

0.16

KCNJ11; rs5215 1.24 (1.04–1.50);

0.02

1.14 (0.94–1.34);

0.18
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Table 2 (Continued )

Gene; polymorphism OR (95% CI); P-value

ORadj
a (95% CI);

P-valueadj
a Gene/s; polymorphisms Haplotypes OR; P-value

ORadj
a;

P-valueadj
a

NEUROG3; rs3812704 1.48 (1.77–1.87);

8.3�10�4

1.54 (1.20–1.97);

5.7�10�4

PAX6; rs628224 0.81 (0.65–1.00);

0.05

0.78 (0.62–0.98);

0.03

Over-weight subjects (cases¼215; controls¼174)

HNF1B; rs12450628 1.38 (1.02- 1.85);

0.04

1.40 (1.03- 1.89);

0.03

HNF4A; rs1884613, rs2144908 GT 1.40; 0.04 1.37; 0.05

HNF4A; rs2144908 1.40 (1.02- 1.91);

0.04

1.39 (1.01–1.90);

0.04

HNF4A; rs1884613, rs2144908 CC 0.72; 0.04 0.73; 0.05

HNF4A; rs3212199 0.73 (0.55–0.96);

0.02

0.72 (0.54–0.95);

0.02

HNF4A; rs3212199, rs6031595 GA 1.35; 0.04 1.38; 0.03

HNF4A; rs6031595 1.37 (1.03–1.82);

0.03

1.41 (1.06–1.87);

0.02

HNF4A; rs3212199, rs6031595 TT 0.72; 0.02 0.70; 0.01

INS; rs3842748 0.65 (0.44–0.97);

0.03

0.66 (0.44–0.98);

0.04

INS; rs3842753, rs3842748 TG 0.64; 0.04 0.64; 0.04

NKX6.1; rs2278671 1.39 (1.02–1.89);

0.04

1.39 (1.02–1.89);

0.04

NEUROG3; rs3812704,

rs2812545

GG 0.71; 0.03 0.70; 0.02

NKX6.1; rs2278672 1.41 (1.04–1.93);

0.03

1.41 (1.04–1.93);

0.03

NKX6.1; rs2278672, rs2278671,

rs3806750, rs1867544

CTCC 0.73; 0.04 0.73; 0.05

Normal weight/lean subjects (cases¼294; controls¼436)

ABCC8; rs985136 0.78 (0.63–0.97);

0.02

0.74 (0.59–0.93);

0.01

ABCC8; rs722341, rs3819523,

rs1048099

AGG 0.70; 0.04 0.62;

8.4�10�3

ABCC8; rs1048099 0.75 (0.60–0.92);

7.1�10�3

0.68 (0.54–0.86);

1.0�10�3

ABCC8; rs722341, rs3819523,

rs1048099

GGA 1.35;

5.6�10�3

1.48;

8.0�10�4

ABCC8; rs722341 0.70 (0.50–0.97);

0.03

0.61 (0.43–0.87);

6.2�10�3

HNF4A; rs1884613, rs2144908 GT 1.47;

1.1�10�3

1.42;

6.2�10�3

ABCC8; rs1799858 1.27 (1.01–1.60);

0.04

1.28 (1.00–1.64);

0.05

HNF4A; rs1884613, rs2144908 CC 0.64;

1.4�10�4

0.66;

9.8�10�4

ABCC8; rs1799854 0.80 (0.64–0.99);

0.04

0.80 (0.63–1.00);

0.06

KCNJ11, ABCC8; rs5210, rs5215,

rs5219, rs5222, rs7124355,

rs757110

GCTGAG 1.33; 0.01 1.29; 0.04

ABCC8; rs7124355 1.29 (1.03–1.62);

0.03

1.24 (0.97–1.58);

0.08

NEUROG3; rs3812704,

rs2812545

AG 1.70;

3.9�10�4

1.82;

2.5�10�4

HNF1B; rs17705177 1.29 (1.03–1.61);

0.02

1.36 (1.07–1.73);

0.01

PAX6; rs1506, rs3026393,

rs3026390, rs2239789,

rs628224

TTATA 0.66;

5.9�10�3

0.71; 0.04

HNF4A ; rs1884613 1.52 (1.21–1.91);

3.1�10�4

1.47 (1.15–1.88);

2.2�10�3

PAX6; rs1506, rs3026393,

rs3026390, rs2239789,

rs628224

ATATG 1.37; 0.02 1.55;

3.2�10�3

HNF4A; rs2144908 1.50 (1.20–1.89);

4.4�10�4

1.46 (1.15–1.87);

2.3�10�3

INSM1; rs10470054 1.46 (1.04–2.04);

0.03

1.38 (0.95–1.99);

0.09

KCNJ11; rs5219 1.34 (1.07–1.68);

0.01

1.28 (1.01–1.63);

0.04

KCNJ11; rs5215 1.34 (1.07–1.67);

0.01

1.28 (1.01–1.63);

0.04

NEUROG3; rs3812704 1.68 (1.25–2.24);

4.9�10�4

1.79 (1.30–2.45);

3.3�10�4

PAX6; rs628224 0.69 (0.51–0.92);

0.01

0.74 (0.54–1.01);

0.06

PAX6; rs1506 0.75 (0.58–0.96);

0.02

0.81 (0.62–1.05);

0.11

PDX1; rs2293941 1.42 (1.07–1.89);

0.01

1.37 (1.01–1.86);

0.04

Bold letters indicate significant P-values after correcting for multiple comparisons; P-value estimates for haplotype associations are based on 10000 permutations.
aAdjusted for age, sex and BMI.
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genes HNF1A, ISL1 and USF1. In non-obese subjects, a strong
association with T2D was observed for the HNF4A promoter variants
rs1884613 (OR¼1.48 (95%CI 1.23–1.77), P¼2.96�10�5) and
rs2144908 (OR¼1.48 (95%CI 1.23–1.77), P¼2.84�10�5) (Table 2).
This association was statistically significant even after correcting for
age, sex and BMI (OR¼1.44 (95%CI 1.19–1.75), P¼1.8�10�4 and
OR¼1.45 (95%CI 1.20–1.76), P¼1.4�10�4 for rs1884613 and
rs2144908 respectively). Strikingly, the polymorphism rs3812704
upstream of NEUROG3 showed suggestive association with T2D in
the non-obese group (OR¼1.48 (95%CI 1.77–1.87), P¼8.3�10�4).
This association was statistically significant after adjusting for age, sex
and BMI (OR¼1.54 (95%CI 1.20–1.97), P¼5.7�10�4). Apart from
these, 11 other polymorphisms in five genes showed nominal associa-
tion in the non-obese group. As observed earlier, GT and CC
haplotypes of HNF4A promoter polymorphisms conferred strong
susceptibility and protection, respectively, to T2D in the non-obese
subjects (Table 2). A less frequent haplotype (AG) in NEUROG3
encompassing rs3812704, rs2812545 showed increased risk to T2D,
while another less frequent GG haplotype conferred protection.
Besides these, six haplotypes in three other genes also showed
association in this group.

On further subdividing the non-obese group into over-weight
(BMIX23o25 kg m�2) and normal-weight/lean (BMI o23 kg m�2),
we observed that significant association of polymorphisms rs1884613
and rs2144908 of HNF4A and rs3812704 of NEUROG3 could be
observed only in the normal-weight/lean subjects (OR¼1.52 (95%CI
1.21–1.91), P¼3.1�10�4; OR¼1.50 (95%CI 1.20–1.89), P¼4.4�10�4;
OR¼1.68 (95%CI 1.25–2.24), P¼4.9�10�4) respectively). The

association was significant even after correcting for age, sex
and BMI for rs3812704 of NEUROG3 (OR¼1.79 (95%CI 1.30–
2.45), P¼3.3�10�4). We did not observe any significant gene–gene
interactions among the associations observed here. Further, nominal
association was observed with 14 quantitative traits analyzed here
(Supplementary Table 3).

DISCUSSION

Here, we conducted an extensive association analysis of 91 poly-
morphisms in 19 genes involved in pancreatic b-cell development and
function with T2D in North Indians. This is by far the largest study
conducted in this population considering all these polymorphisms in
these genes together using a pathway-based approach. We identified
genotypic association in ABCC8, HNF4A, ISL1, KCNJ11 and USF1.
Association of HNF4A polymorphisms rs1884613 and rs2144908
remained statistically significant even after correcting for multiple
testing. This observation is consistent with observations in many
populations emphasizing the role of variants in HNF4A in the
manifestation of T2D (Figure 1).5,6,19–29 Meta-analysis revealed that
the trend for the elevated OR, as found here in North Indians, is seen
in 10 other populations. Notably, rs1884613 has higher effect size in
North Indians (OR¼1.35 (95%CI 1.17–1.54)) compared with pooled
Scandinavian subjects (OR¼1.14 (95%CI 1.06–1.23)), lesser only to
Ashkenazi population (OR¼1.70 (95%CI 1.23–2.38)).5,6 Similar
results were obtained for rs2144908 that was in a very strong linkage
disequilibrium with rs1884613 (r2¼0.95). BMI-dependent analysis
showed that these variants were associated with T2D in non-obese
individuals, especially in normal-weight/lean subjects.

Caucasian 19

UK 29

1.00 (0.74-1.35) 3.1
1.09 (0.96-1.24) 6.3

Study OR (95% CI)

UK CCC 6

UK EPIC-Norfolk 6

UK Exeter 6

UK W2 6

1.16 (0.92-1.47) 4.1
1.03 (0.81-1.32) 3.9
0.82 (0.54-1.23) 2.0
1.02 (0.80-1.30) 3.9

Ashkenazi Jewish new 6

Ashkenazi Jewish old 6

Ashkenazi Jewish 20

Finnish2 23

Danish 22

1.70 (1.23-2.36) 2.7
1.56 (1.06-2.30) 2.2
1.38 (1.06-1.80) 3.6
1.11 (0.95-1.29) 5.7
1.15 (1.03-1.28) 6.7

Norwegian 5

PimaIndians 27

French 24

Polish 28

1.12 (0.99-1.26) 6.5
1.16 (0.91-1.47) 4.0
0.82 (0.67-1.00) 4.7
1.11 (0.86-1.43) 3.7

Poland GCI 21

Scandinavian 21

Sweden 21

Canadian 21

US GCI 21

0.93 (0.79-1.09) 5.5
1.11 (0.89-1.39) 4.3
1.25 (0.99-1.58) 4.1
0.67 (0.41-1.12) 1.4
0.84 (0.71-1.00) 5.3 

Japanese 26

HanChinese 25

North Indians (This study)

0.99 (0.87-1.13) 6.2
1.06 (0.84-1.33) 4.1
1.35 (1.17-1.54) 6.1

Combined

0.4 1 2.4

Odds ratio

1.09 (1.02-1.16)

% Weight

Figure 1 Meta-analysis of HNF4A promoter P2 polymorphisms (rs1884613/rs2144908) in 16 098 cases and 19567 control subjects. As both the

polymorphisms are in strong LD in all the populations, the observations for one polymorphism reflects that of the other. The % weight and OR (95%CI) for

combined analysis were calculated using a random-effect model. Heterogeneity was observed between the samples (Q¼54.651 on 22 degrees of freedom

(P¼o0.001). Moment-based estimate of between studies variance was 0.014.
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Variants in ABCC8, ISL1, KCNJ11 and USF1 showed suggestive
significance. The well-studied ABCC8- S1369A polymorphism
(rs757110) and the common non-synonymous polymorphisms in
KCNJ11-E23K (rs5219) and I337V (rs5215) showed only nominal
association. The haplotype GCTGAG involving polymorphisms in
both ABCC8 and KCNJ11 increased risk for T2D. Similarly, ISL1
polymorphisms individually showed nominal association, while their
haplotypes showed significant association. This is perhaps the first
study to demonstrate the role of ISL1 in T2D. Previous association
studies of 3¢ UTR polymorphism rs3737787 of USF1 with T2D have
yielded mixed results (Supplementary Table 4). Although studies in
French population and in multi-ethnic groups did not show any
association,30,31 the common allele was associated with an increased
risk for T2D in the Chinese population.32 Similar to Chinese, poly-
morphisms and haplotypes in USF1 are associated with T2D in North
Indians. Further investigations are required to ascertain the role of
USF1 in T2D. We did not find association of previously associated
WFS1 polymorphism rs10010131 with T2D in North Indians. This
could have resulted from the limited power of the study. Our study has
a power of 74% to detect associations of polymorphisms with a minor
allele frequency of 10% and an OR of 1.3.

Most of the variants in the genes studied showed nominal associa-
tion in a BMI-dependent analysis. Strikingly, we found statistically
significant association of rs3812704 polymorphism of NEUROG3 in
the non-obese group. This association was stronger in normal-weight/
lean subjects, though we did not observe association in the whole study
group. This is the first study to demonstrate the association of this
variant with T2D in any population. Thus, the variants in HNFA and
NEUROG3 indicate a strong predisposition of normal-weight/lean
subjects to T2D in North Indians. This suggests increased effect of
variants in b-cell development and function genes in a BMI-dependent
manner, warranting further studies. In conclusion, we demonstrate a
significant role of HNF4A and other genes involved in b-cell develop-
ment and function in the manifestation of T2D in North Indians.
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