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Screening of 134 Single Nucleotide Polymorphisms
(SNPs) Previously Associated With Type 2 Diabetes
Replicates Association With 12 SNPs in Nine Genes
Cristen J. Willer,1 Lori L. Bonnycastle,2 Karen N. Conneely,1 William L. Duren,1 Anne U. Jackson,1
Laura J. Scott,1 Narisu Narisu,2 Peter S. Chines,2 Andrew Skol,1 Heather M. Stringham,1
John Petrie,2 Michael R. Erdos,2 Amy J. Swift,2 Sareena T. Enloe,2 Andrew G. Sprau,2
Eboni Smith,2 Maurine Tong,2 Kimberly F. Doheny,3 Elizabeth W. Pugh,3 Richard M. Watanabe,4
Thomas A. Buchanan,5 Timo T. Valle,6 Richard N. Bergman,7 Jaakko Tuomilehto,6,8
Karen L. Mohlke,9 Francis S. Collins,2 and Michael Boehnke1

More than 120 published reports have described associations between single nucleotide polymorphisms (SNPs)
and type 2 diabetes. However, multiple studies of the same
variant have often been discordant. From a literature
search, we identified previously reported type 2 diabetes–
associated SNPs. We initially genotyped 134 SNPs on 786
index case subjects from type 2 diabetes families and 617
control subjects with normal glucose tolerance from Finland and excluded from analysis 20 SNPs in strong linkage
disequilibrium (r2 > 0.8) with another typed SNP. Of the
114 SNPs examined, we followed up the 20 most significant
SNPs (P < 0.10) on an additional 384 case subjects and 366
control subjects from a population-based study in Finland.
In the combined data, we replicated association (P < 0.05)
for 12 SNPs: PPARG Pro12Ala and His447, KCNJ11
Glu23Lys and rs5210, TNF ⴚ857, SLC2A2 Ile110Thr,
HNF1A/TCF1 rs2701175 and GE117881_360, PCK1 ⴚ232,
NEUROD1 Thr45Ala, IL6 ⴚ598, and ENPP1 Lys121Gln.
The replication of 12 SNPs of 114 tested was significantly
greater than expected by chance under the null hypothesis
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of no association (P ⴝ 0.012). We observed that SNPs from
genes that had three or more previous reports of association were significantly more likely to be replicated in our
sample (P ⴝ 0.03), although we also replicated 4 of 58 SNPs
from genes that had only one previous report of association. Diabetes 56:256 –264, 2007

T

ype 2 diabetes is a common disease characterized by insulin resistance and reduced insulin
secretion. There are ⬎120 published reports of
association between genetic variants and type 2
diabetes (see Table S1 of the online appendix available at
http://diabetes.diabetesjournals.org), but multiple studies
of the same variant often show inconsistent findings (1).
Such failures to replicate findings may reflect the fact that
the original studies had false-positive results, that the
replication studies were underpowered to detect the modest impact of individual loci on type 2 diabetes, or that
there was etiologic heterogeneity across populations. In
addition, different sampling schemes that ascertained subjects with more severe type 2 diabetes phenotypes or
complications, a positive family history, or for other
diseases such as obesity or hypertension may enrich for
different susceptibility alleles (2).
Most of the published reports of association between a
single nucleotide polymorphism (SNP) and type 2 diabetes
involve markers in or around a candidate gene or linkage
region. Candidate genes were typically examined because
of their known or potential role in diabetes-related metabolic pathways (reviewed in ref. 3) or glucose metabolism
(4), their location relative to linkage peaks, as with Calpain-10 on chromosome 2 (5), and their involvement in
maturity-onset diabetes of young (MODY) (6 –9) or other
Mendelian forms of diabetes (10).
Here we describe an investigation of SNPs reported to
be associated with type 2 diabetes in the literature before
May 2005. We tested each SNP for type 2 diabetes association in a two-stage study based on a Finnish sample of
1,170 case subjects and 983 control subjects. Through our
literature survey, we identified 147 SNPs in 76 genes for
which associations with type 2 diabetes (P ⬍ 0.05) had
been reported. The 76 genes are involved in a wide range
of biological processes, including fatty acid biosynthesis
DIABETES, VOL. 56, JANUARY 2007
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TABLE 1
Characteristics of the study sample

No. of samples
Sex (male/female)
Age at diagnosis (years)
Age at examination (years)
BMI (kg/m2)
Fasting glucose (mmol)
Fasting insulin (pmol)

FUSION case
subjects

Stage 1
FUSION control
subjects

Finrisk control
subjects

Finrisk case
subjects

786
437/349
51.0 (12.0)
64.3 (10.1)
29.4 (6.1)
9.7 (4.9)
96.0 (84.0)

375*
155/220
NA
69.8 (5.9)
27.0 (5.4)
5.0 (0.6)
60.0 (42.0)

242
169/73
NA
64.6 (9.9)
26.8 (4.3)
5.6 (0.5)
42.0 (28.8)

384
232/152
59.0 (12.0)
60.5 (12.2)
30.6 (6.2)
7.3 (1.3)
79.2 (61.8)

Stage 2
Finrisk control
subjects
366
214/152
NA
60.5 (11.3)
26.6 (4.5)
5.6 (0.5)
39.0 (27.6)

Data are median (interquartile range). *Consists of 223 FUSION elderly control subjects and 152 spouse control subjects. NA, not applicable.

and metabolism, gluconeogenesis, glucose metabolism
and transport, glycogen biosynthesis and metabolism,
glycolysis, regulation of transcription, signal transduction,
and apoptosis (Gene Ontology database). Among 114
SNPs examined in 71 genes, we observed significant type
2 diabetes association (P ⬍ 0.05) for 12 SNPs in 9 genes:
PPARG (2 SNPs), KCNJ11 (2 SNPs), TNF, SLC2A2,
HNF1A/TCF1 (2 SNPs), PCK1, NEUROD1, IL6, and
ENPP1. We conclude that these previously reported type 2
diabetes–associated genes show an excess of type 2 diabetes association beyond that expected by chance, but at
the same time, many of the previously reported association results may have been false-positives or of minor
impact in the Finnish population.
RESEARCH DESIGN AND METHODS
Our sample consisted of 2,153 Finnish individuals: 1,170 type 2 diabetic case
subjects and 983 control subjects with normal glucose tolerance (NGT). We
adopted a two-stage design in which we genotyped 786 case subjects and 617
control subjects in stage 1 and followed up SNPs with associated P ⬍ 0.10 in
an additional 384 case subjects and 366 control subjects in stage 2. We
excluded SNPs from stage 2 genotyping if they were in strong linkage
disequilibrium (LD) (r2 ⬎ 0.8) with another SNP selected for stage 2
genotyping. This two-stage design together with joint analysis of all the data
generally provides nearly the same power as the more expensive alternative of
genotyping all SNPs in the full sample (11). By use of this strategy, our sample
provides at least 78% power to detect type 2 diabetes association with odds
ratios (ORs) ⱖ1.3, given a minor allele frequency (MAF) ⱖ10% under a
multiplicative disease model with a type I error rate of 0.05. The power to
detect markers with ORs ⱖ1.2 was 55, 85, and 100% for markers with 10, 20,
and 50% MAFs, respectively. We determined the power of our two-stage study
using the power calculator CaTS (11) (available at http://www.sph.umich.edu/
csg/abecasis/CaTS/).
For stage 1 type 2 diabetic case subjects, we selected one individual from
each of 786 unrelated families ascertained for type 2 diabetes sibling pairs in
the Finland-United States Investigation of NIDDM Genetics (FUSION) study
(12,13); type 2 diabetes in all of these case subjects was diagnosed as
determined by World Health Organization 1985 criteria (14), and in 767 of
these case subjects (97.6%), diabetes had been diagnosed after the age of 35
years. Stage 1 control subjects comprised 617 unrelated individuals with NGT:
152 spouses of FUSION type 2 diabetic subjects (spouse control subjects)
(12,13), who had NGT (14), 223 unrelated individuals who had NGT (14) by an
oral glucose tolerance test at ages 65 and 70 years (elderly control subjects),
and 242 individuals with NGT (15) selected from the population-based Finrisk
2002 study (16). The stage 2 samples of 384 type 2 diabetic case subjects and
366 control subjects with NGT as determined by World Health Organization
1999 criteria (15) also came from the Finrisk 2002 study (16). Stage 1 and 2
case subjects and control subjects were approximately matched for age, sex,
and province of birth (Table 1). Study protocols for the FUSION and Finrisk
2002 studies were approved by local ethics committees and/or institutional
review boards of each participating recruitment or analysis site, and informed
consent was obtained from all study participants.
SNP selection and genotyping. We performed literature reviews, updated in
May 2005, first with search terms “genetic” and “association” and “diabetes”
and second with terms “SNP” and “diabetes” (using www.pubmed.gov). We
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reviewed abstracts to identify SNPs significantly associated with type 2
diabetes at a level of P ⬍ 0.05 or at more stringent thresholds proposed in the
original studies and identified 147 SNPs representing 76 genes (see Table S1 of
the online appendix). We determined the dbSNP identifier from the original
manuscript when available. In several instances we identified the associated
SNP from surrounding sequence information or restriction fragment length
polymorphism data included in the original manuscript. Of the 147 type 2
diabetes–associated SNPs identified from the literature, we were unable to
design assays for 5 SNPs: CAPN10 rs3842570, IL6R rs2228146, HSPA1B
(HSP70 –2) rs1061581, LIPC rs2070895, and MGEA5 LLY-MGEA5–14 (see
Table S1 of the online appendix). An additional five SNPs were not successfully genotyped: HNF1A/TCF1 rs1169305, NOS3 rs1799984, HTR2C rs3813928,
PIK3R1 rs8192680, and HSD11B1 rs846910. Three additional SNPs in PTPN1
(rs3787348, rs754118, and rs2282147) were not genotyped because they were
in complete LD (r2 ⫽ 1) in the HapMap CEU sample with other SNPs we
genotyped.
In our stage 1 sample, we successfully genotyped 42 SNPs at the Center for
Inherited Disease Research using the Illumina GoldenGate Assay (17,18) and
92 SNPs at the National Human Genome Research Institute using the
Sequenom homogeneous MassEXTEND Assay. The 134 successfully genotyped SNPs had an average call rate of 98.1% and reproducibility rates of 99.91
and 99.94% for the Sequenom and Illumina systems, respectively. All but 1 of
these 134 SNPs had call rates of ⬎95% (SNP rs8192692 had a call rate of
93.7%), and all were consistent with Hardy-Weinberg expectations (P ⬎ 0.001).
The 134 successfully genotyped SNPs were from 71 genes (Table 2). We
excluded 20 SNPs in strong LD (r2 ⬎ 0.8) with another genotyped SNP; thus,
we tested 114 SNPs for association with type 2 diabetes. Of the 114 SNPs
assessed for type 2 diabetes association in the stage 1 sample, we genotyped
in the stage 2 sample 20 SNPs with P ⬍ 0.1 after stage 1. We present type 2
diabetes association results in the combined stage 1 and 2 samples of 1,170
type 2 diabetes case subjects and 983 NGT control subjects for these 20 SNPs
(see Table S2 of the online appendix and Table 3).
Association results for SNPs in RETN (rs1862513) and the MODY genes
NEUROD1, IPF1, and HNF1A/TCF1 (rs1801262, rs1169288, rs1800574,
rs1920792, rs1169289, rs2701175, GE117881_360, GE117884_349, rs2071197,
rs736824, IPF1 Asp76Asn, rs2178463, rs2393792, rs2144908, and rs1799884)
have previously been reported by our group in nearly equivalent samples
(19,20). We included these SNPs in this report to estimate an overall ability to
replicate all previous associations identified from our literature survey. Four
additional SNPs (Pro12Ala [rs1801282] in PPARG, rs4994 in ADRB3, and
rs3792267 and rs5030952 in CAPN10) have been previously reported by our
group in smaller samples (21–23), and results after genotyping a larger sample
are included here. We present new data for 114 SNPs not previously
genotyped by our group.
Type 2 diabetes–SNP association. We tested for type 2 diabetes association
and estimated ORs and 95% CIs using logistic regression under dominant,
recessive, and multiplicative genetic models. Four SNPs were monomorphic
in our sample (rs4148628, ACDC Ile164Thr, rs1800561, and rs2233578). Of the
110 polymorphic SNPs examined, the previously reported risk alleles for 99
SNPs were unambiguously determined, and we used a one-sided test of
association to that same allele; for the remaining 11 SNPs, we used a
two-sided test. We tested all SNP model combinations for which there were
⬎10 total individuals (case subjects and control subjects) in a genotype class
using logistic regression. We calculated the minimum P value from up to three
models tested (dominant, recessive, and multiplicative) and corrected for this
maximization with a modified Bonferroni adjustment (24), which accounts for
the correlation between tests (K.C., M.B., unpublished data). We verified
analytically derived P values by permutation testing and observed nearly
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TABLE 2
SNPs assessed for association in the Finnish case-control sample
Gene
ABCA1
ABCC8

ABCC9
ACDC

ADCYAP1
ADRB2
ADRB3
AKR1B1
ALDOB
APOD
BCHE
CAPN10
CASQ1
CD38
COG2
CRP
ENPP1
FABP2
FRDA
GCGR
GFPT2
GNB3
GYS1
HFE

dbSNP ID

Gene

rs2020927
rs1799854
rs1799858
rs1801261
rs2074308
rs2283257
rs4148628*
rs4148643
rs4148646†
rs757110‡†
rs8192692
rs1283802
Ile164Thr*‡
rs1501299
rs16861194
rs17300539
rs2241766
rs266729
rs2856966‡
rs1042711
rs1042714‡†
rs4994‡
rs759853
rs506571
rs2280520
rs1803274‡
rs2975760
rs3792267
rs5030952
rs2275703
rs617599†
rs617698
rs1800561*‡
rs1051038
rs2794521
rs1044498‡
rs1397613
rs2498429
rs1801483*‡
rs2303007‡
rs5443
rs8103451
rs1799945‡
rs1800562‡

HNF1A/TCF1

HSD11B1
HTR2C
IDE
IL6
IL6R
INS
INSR

IPF1
IRS1

IRS2
ITGB3/GPIIIa
KCNJ11
KCNJ9
LEP
LIPC
LPL
LTA
MCP1
MET
NEUROD1
NOS3
PAX4
PCK1

dbSNP ID
GE117881_360
GE117884_349
rs1169289†
rs1800574‡
rs1920792
rs2178463†
rs2393792†
rs2701175
rs12086634
rs3813929
rs4646953
rs1800795
rs1800797†
rs8192284‡
rs3842752
rs1799816‡
rs2860177
rs2860178
rs7252268
ipf1_2*‡
rs12053536
rs13306465
rs1801123
rs1801278‡
rs1805097‡
rs5918
rs5210
rs5218†
rs5219‡
rs2180752
rs2737705
rs2753268
rs2278815
rs8192701
rs285
rs1041981‡
rs3760399
rs38848
rs41736
rs1801262‡
rs1799983
rs2233578*‡
rs2071023

Gene
PKLR

PPARG
PPARGC1A
PPP1R3A
PRKCZ
PTGS2
PTPN1

PYY
RETN
SLC2A1
SLC2A2

SORBS1
SOS1
SPINK
SREBF1
TNF
UCP1
UCP2
UCP3
UTS2
VLDLR
WFS1
WNT5B

dbSNP ID
rs1052176†
rs1052177†
rs2071053†
rs3020781
rs1801282‡
rs3856806
rs3755863†
rs8192678‡
rs1799999‡
rs436045
rs20417
rs2066826
rs2282146
rs16995309*‡
rs718630
rs2206656
rs3787345†
rs4811078
rs718049†
rs941798
rs718050†
rs162430
rs1862513
rs841853
rs5398
rs5400‡
rs5404
rs5406†
rs6785803†
rs2281939‡
rs7577088
rs17107315‡
rs2297508
rs1799724†
rs1800610
rs1800629
rs10011540
rs2270565‡†
rs659366
rs660339‡
rs1800849
rs2890565‡
rs2242103
rs1801208‡
rs734312‡
rs2270031
rs2270036

*SNPs that were monomorphic or had MAFs ⬍0.005 in our sample. †SNPs in r2 ⬎ 0.8 with another genotyped SNP; only one SNP of each
pair in r2 ⬎ 0.8 is indicated. ‡Nonsynonymous SNPs. Table S1 of the online appendix provides more information about each SNP and the
original association reference and Table S3 of the online appendix provides D⬘ and r2 values for SNPs with r2 ⬎ 0.8 with another genotyped
SNP.

identical results (data not shown). We assessed the three SNPs with MAFs
⬍0.005 (rs1801483, rs16995309, and IPF1 Asp76Asn) using Fisher’s exact test
because of small cell counts. Given multiple associated SNPs in the same
gene, we assessed the independent contribution of each SNP to an association
signal (P ⬍ 0.05) by including the more significant SNP as a covariate in
logistic regression and reassessing the evidence for association. To determine
the overall significance of the study, we used the binomial distribution to
estimate the probability of observing at least as many significant results given
the number tested. To estimate the significance of the study given the
presence of LD between SNPs tested, we estimated the equivalent number of
independent SNPs significantly associated and tested (25) and estimated the
significance using the most nearly corresponding binomial distribution. We
estimated the false-positive report probability (26) using type I and type II
258

error rate estimates of 0.05 and 0.22 and a priori probability that each SNP is
a true positive of 0.05 or 0.01.
Quantitative trait–SNP association. We performed tests for association
with quantitative traits in the combined sample of 152 spouse control subjects
and 223 elderly control subjects with NGT (n ⫽ 375). We excluded affected
individuals from the assessment of quantitative traits because it is difficult to
interpret quantitative traits for glucose and insulin metabolism in affected
individuals. Different treatment regimens and responses to treatment may also
contribute to difficulties in measuring these traits in affected individuals. The
following traits were available for individuals with NGT: fasting and 2-h
glucose, fasting and 2-h insulin, fasting and 2-h free fatty acid, fasting HDL
cholesterol, LDL cholesterol, total triglycerides, systolic and diastolic blood
pressure, BMI, and waist-to-hip ratio (WHR). The following additional traits
DIABETES, VOL. 56, JANUARY 2007
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TABLE 3
SNPs exhibiting significant association with type 2 diabetes in the combined stage 1 and 2 samples

Gene
PPARG
KCNJ11
TNF
SLC2A2
HNF1A/TCF1
PCK1
NEUROD1
IL6
ENPP1

SNP

Risk/non-risk
allele

rs1801282 Pro12Ala
rs3856806 His447His
rs5219 Glu23Lys
rs5210 3p ⫹ 215
rs1800610
rs5400 Ile110Thr
rs2701175
GE117881_360
rs2071023
rs1801262 Ala45Thr
rs1800795 ⫺174
rs1044498 Lys121Gln

C/G
C/T
A/G
G/A
A/G
G/A
C/A
G/A
C/G
T/C
G/C
C/A

Frequency of risk
allele
Case
Control
subjects
subjects
0.853
0.822
0.494
0.659
0.069
0.883
0.423
0.469
0.558
0.368
0.473
0.145

0.817
0.797
0.445
0.618
0.049
0.859
0.419
0.456
0.533
0.336
0.447
0.123

P value

Best model

OR (95% CI)

0.0019
0.013*
0.0019
0.0046†
0.0073
0.014
0.015
0.040‡
0.031
0.033
0.038
0.038

Mult
Rec
Mult
Mult
Mult
Dom
Rec
Rec
Dom
Mult
Rec
Dom

1.30 (1.10–1.53)
1.26 (1.05–1.51)
1.22 (1.08–1.38)
1.21 (1.06–1.37)
1.42 (1.10–1.82)
2.98 (1.31–6.79)
1.33 (1.06–1.68)
1.25 (1.01–1.55)
1.27 (1.02–1.57)
1.15 (1.01–1.30)
1.25 (1.02–1.55)
1.24 (1.01–1.51)

*P value was not significant after correcting for PPARG Pro12Ala. †P value was not significant after correcting for KCNJ11 Glu23Lys. ‡P
value was not significant after correcting for HNF1A/TCF1 rs2701175. Table S2 of the online appendix provides complete genotype counts,
ORs, allele frequencies, and P values for all SNPs tested. Dom, dominant genetic model; Mult, multiplicative genetic model; Rec, recessive
genetic model.
were available in the spouse control subjects only (n ⫽ 152): glucose
effectiveness, insulin sensitivity, acute insulin response, and disposition index.
All traits were transformed to approximate univariate normality and adjusted
for sex, age, and BMI (except for weight-related traits). Analyses were
performed using recessive, dominant, and multiplicative genetic models if
⬎10 individuals were in each genotype class. To consider the cumulative
evidence for association with all traits for each SNP, we used the truncated
product method (27). We calculated our test statistic as the sum of
ln(Puncorrected), where Puncorrected is the uncorrected P value for each traitmodel combination, for all tests with a Puncorrected ⬍ 0.05. To estimate the
significance of this combined set of tests (Pcorrected) while accounting for the
multiple phenotypes and models tested, we compared our test statistic to test
statistics obtained by permuting the vector of phenotypes against the SNP
genotypes.
LD measures. We estimated LD measures D⬘ and r2 for all pairs of SNPs ⬍2
Mb apart using LDmax (28).

RESULTS

After genotyping 134 SNPs, we tested 114 for type 2
diabetes association and found 12 SNPs (10.5%) in 9 genes
that were significantly associated with type 2 diabetes
(P ⬍ 0.05) (Table 3) in our combined stage 1 and 2 samples
of 1,170 type 2 diabetes case subjects and 983 NGT control
subjects (Table 1). These were among 20 SNPs selected
for stage 2 genotyping based on evidence for association in
stage 1 samples (P ⬍ 0.10). Genotype counts, frequencies,
P values, and ORs for all three genetic models are shown
in Table S2 of the online appendix for all 134 SNPs. We
used a one-sided test of association when the previously
associated allele was known and a two-sided test otherwise. For the 12 SNPs that were associated, 1 was analyzed with a two-sided test because of conflicting reports
with regard to the risk allele (SLC2A2). The other 11 SNPs
were assessed with a one-sided test. The replication of 12
SNPs of the 114 tested was significantly greater than
expected by chance (one-sided P ⫽ 0.012). To verify this
result while correcting for the LD between the SNPs
tested, we determined that there were the equivalent of
10.5 independent SNPs in the 12 associated SNPs and
105.5 independent SNPs in the 114 SNPs tested, resulting
in similar evidence for an excess of significant results
(one-sided P ⫽ 0.017). Genes containing SNPs that were
associated with type 2 diabetes in our sample were PPARG
DIABETES, VOL. 56, JANUARY 2007

(two SNPs), KCNJ11 (two SNPs), TNF, SLC2A2, HNF1A/
TCF1 (two SNPs), PCK1, NEUROD1, IL6, and ENPP1.
We also performed exploratory tests for association
between these SNPs and available quantitative traits in
unaffected individuals. These were not specifically an
attempt to replicate previous association results with
quantitative traits because our focus in this article is type
2 diabetes, but they did provide an opportunity to assess
possible mechanisms of action for the associated SNPs.
For the quantitative trait analysis, we excluded 8 SNPs
with MAFs ⬍0.005 in 375 individuals with NGT. Based on
combined evidence across all quantitative traits assessed,
5 of the 106 SNPs had evidence of association (P ⬍ 0.05),
which was not in significant excess of the expected
number of 5.3. Of the 12 SNPs exhibiting an association
with type 2 diabetes (P ⬍ 0.05, MAF ⬎ 0.005, r2 ⬍ 0.8), 2
showed evidence for association with the quantitative
traits (see Table S2 of the online appendix and Table 4),
which was not a significant excess over expectation
(one-sided P ⫽ 0.11). Genes with SNPs that were associated with the diabetes-related quantitative traits in our
NGT control subjects were TNF, UCP3, IL6, ABCC8, and
VLDLR (Table 4).
The two most significant type 2 diabetes association
results in the combined stage 1 and 2 samples were for the
widely replicated type 2 diabetes–associated variants
PPARG Pro12Ala (rs1801282) (P ⫽ 0.0019) (Table 3) and
KCNJ11 Glu23Lys (rs5219) (P ⫽ 0.0019) (Table 3). PPARG
encodes a transcription factor involved in adipocyte differentiation and accumulation of triglycerides and is involved in glucose-induced insulin secretion (29). Many
studies have shown association with the PPARG Pro12Ala
allele, including a previous report by our group based on
approximately half the samples described here (21). There
also have been negative reports (reviewed in ref. 30). In
our current sample, the multiplicative model provided the
strongest evidence for association, and the common Pro
risk allele had frequencies of 0.853 in case subjects and
0.816 in control subjects (OR 1.30 [95% CI 1.10 –1.53]). A
synonymous coding SNP (His447, rs3856806) in PPARG
was also associated with type 2 diabetes under a dominant
259
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TABLE 4
SNPs with significant association to quantitative phenotypes in 375 control subjects with NGT

Gene

SNP

Type 2 diabetes
risk/nonrisk
allele

TNF

rs1800610

A/G

0.002

UCP3

rs1800849

G/A

0.014

IL6

rs1800795

G/C

0.022

ABCC8

rs8192692

G/A

0.024

VLDLR

rs2242103

A/T

0.041

Pcorrected

Traits associated with the type 2
diabetes risk allele

Trait Puncorrected

Increased BMI
Increased WHR
Decreased 2-h glucose levels
Decreased fasting glucose
Increased 2-h insulin
Decreased BMI
Decreased fasting free fatty acids
Increased disposition index
Decreased HDL
Increased glucose effectiveness
Decreased fasting insulin
Increased LDL
Decreased triglycerides
Increased fasting free fatty acids
Decreased triglyceride
Decreased LDL
Increased insulin sensitivity

0.000010
0.00028 ⫻ 10⫺4
1.0 ⫻ 10⫺4
0.0042
0.027
0.035
0.0010
0.0078
0.0092
0.014
0.0017
0.0023
0.0035
0.0045
0.015
0.035
0.035

Pcorrected was determined using the truncated product method (see RESEARCH DESIGN AND METHODS). This P value was corrected for the number
of genetic models and traits examined but was not corrected for the number of SNPs examined.

model (OR 1.26 [1.05–1.51], P ⫽ 0.013) but was no longer
significant after adjustment for the Pro12Ala variant (OR
1.11 [0.89 –1.38], P ⫽ 0.064). Prior meta-analysis of genotypes from ⬃25,000 individuals provided strong evidence
for a modest effect for the Pro12Ala variant (OR 1.27, P ⬍
2 ⫻ 10⫺8) (30).
KCNJ11 encodes the Kir6.2 potassium channel subunit
which, together with the sulfonylurea receptor ABCC8
(SUR1), is responsible for maintaining the ␤-cell transmembrane potential required for insulin secretion. Mutations in KCNJ11 cause permanent neonatal diabetes,
hypoglycemia of infancy, and hyperinsulinemia (31). The
common Glu23Lys polymorphism has been associated
with type 2 diabetes in multiple studies, but not in others
(reviewed in ref. 3), and together with an ABCC8 risk
haplotype was a predictor of progression from impaired
glucose tolerance to type 2 diabetes in a Finnish sample
(32). The KCNJ11 Glu23Lys polymorphism (rs5219) was
strongly associated with type 2 diabetes in our sample
(P ⫽ 0.0019) (Table 3). The multiplicative model provided
the strongest evidence for association; the lysine risk
allele had frequencies of 0.494 in case subjects and 0.445 in
control subjects (OR 1.22 [95% CI 1.08 –1.38]). Prior metaanalysis of 13 studies resulted in an OR of 1.12 (P ⫽
0.0017) (33). Nearby SNPs rs5210 in KCNJ11 and rs757110
in ABCC8 also showed evidence for association in the
stage 1 sample (P ⫽ 0.045 and 0.060, respectively). However, both SNPs were in substantial LD with Glu23Lys in
our sample (r2 ⫽ 0.50 and 0.88) and were no longer
significant after accounting for the Glu23Lys association
(rs5210: OR 1.07 [0.89 –1.28], P ⫽ 0.44; rs757110: OR 1.06
[0.69 –1.62], P ⫽ 0.78).
In the tumor necrosis factor-␣ (TNF) gene in the HLA
region, we observed significant association with an intron
1 A/G SNP (rs1800610) (P ⫽ 0.0073) (Table 3). Tumor
necrosis factor-␣ is involved in many biological functions
including cell proliferation, differentiation, apoptosis, lipid
metabolism, and coagulation. SNPs in TNF have been
shown to be associated with obesity or obesity-related
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phenotypes in several studies (available at http://obesity
gene.pbrc.edu). In our combined stage 1 and 2 samples,
the OR for the risk A allele under the multiplicative model
was 1.42 (95% CI 1.10 –1.82). The risk allele had frequencies of 0.069 in case subjects and 0.049 in control subjects
and was strongly correlated (r2 ⫽ 0.994) with the T allele
of the ⫺857 SNP rs1799724. The TNF intron 1 A/G SNP
rs1800610 also showed strong association with BMI and
WHR (Pcorrected ⫽ 0.002). Individuals with one or two
copies of the type 2 diabetes risk A allele at this locus had
a mean BMI of 30.3 kg/m2 (SD ⫽ 5.6, n ⫽ 42) compared
with individuals with the CC genotype who had a mean
BMI of 27.4 (SD ⫽ 4.1, n ⫽ 372).
The TNF⫺308 G/A (rs1800629) SNP in this gene has
previously been associated with obesity, insulin resistance
and hypertension (34), type 2 diabetes (35–37), insulin
area under the curve (38), fasting insulin (39), and fasting
glucose-to-insulin ratios (40). However, we observed no
association in our sample between the ⫺308 SNP and type
2 diabetes (P ⫽ 0.47) nor with BMI (P ⫽ 0.60), fasting
insulin (P ⫽ 0.97), or 2-h insulin levels (P ⫽ 0.43). The
⫺308 SNP was in weak LD (D⬘ ⫽ 0.999, r2 ⫽ 0.01) with
SNPs rs1800610 and rs1799724. TNF is in the major
histocompatibility complex region, and HLA haplotypes
that confer the major genetic susceptibility to type 1
diabetes may also confer susceptibility to common type 2
diabetes (41).
We observed significant association with the nonsynonymous variant Ile110Thr polymorphism in the SLC2A2
gene (P ⫽ 0.014) (Table 3), which is in perfect LD (r2 ⫽ 1)
with SNPs rs5406 and rs6785803 in our sample. Association to at least one of these SNPs, although with different
risk alleles, has been reported in three studies (4,42,43).
SLC2A2 encodes the glucose transporter (GLUT2) expressed in liver, kidney, intestine, and pancreatic ␤-cells
and is a key regulator of insulin secretion. We obtained an
OR of 2.98 ([95% CI 1.31– 6.79], P ⫽ 0.014) in our combined
stage 1 and 2 samples, similar to the that (2.08 [1.06 – 4.1])
DIABETES, VOL. 56, JANUARY 2007

C.J. WILLER AND ASSOCIATES

observed in a previous Finnish study (43), and both were
under the dominant model with the same risk allele.
We observed modest evidence for association to SNPs
in IL6, PCK1, and ENPP1 (Table 3). Interleukin-6 is a
cytokine with many biological functions, including immune response, and variants in this gene have been
associated with type 2 diabetes in two independent studies
(44,45). We genotyped two promoter SNPs (⫺598 ⫽
rs1800797 and ⫺174 ⫽ rs1800795) in strong LD with one
another (r2 ⫽ 0.98) and observed modest evidence of association (OR 1.25 [95% CI 1.02–1.55], P ⫽ 0.038) with the ⫺174
SNP in the combined stage 1 and 2 samples. We also
observed association between the IL6 ⫺174 C/G polymorphism and the combined quantitative traits (Pcorrected ⫽
0.022). The type 2 diabetes–associated G allele was associated with decreased fasting free fatty acids (Puncorrected
⫽ 0.0010), increased disposition index (Puncorrected ⫽
0.0078), decreased HDL (Puncorrected ⫽ 0.0092), and increased glucose effectiveness (Puncorrected ⫽ 0.014).
PCK1 encodes an enzyme that plays an important role in
gluconeogenesis by catalyzing the production of phosphoenolpyruvate. An association was reported with a
⫺232 promoter SNP (46) in a Caucasian sample (OR 2.8
[95% CI 1.7– 4.7], P ⫽ 0.0003). We identified a modest
association in our sample with the same allele of
rs2071023 (1.27 [1.02–1.57], P ⫽ 0.031). Mutations in the
ENPP1 gene, which encodes a membrane protein that
cleaves nucleotides, have been shown to be associated
with insulin resistance (47– 49) and type 2 diabetes (50,51).
We also observed modest association to the ENPP1
Lys121Gln polymorphism (rs1044498, 1.24 [1.01–1.51], P ⫽
0.038).
We genotyped nine SNPs in the MODY gene HNF1A/
TCF1 that were previously reported to be associated with
type 2 diabetes in a large set of stage 1 samples (8,9).
Although we observed association with two SNPs,
rs2701175 and GE117884_349 (P ⫽ 0.015 and P ⫽ 0.050),
the level of significance was attenuated after correcting for
the 9 SNPs tested here (P ⫽ 0.056) and became nonsignificant after correcting for the 20 SNPs (P ⫽ 0.21) selected
as tag SNPs to assess the entire gene for association in a
different study from our group (18). After analysis of the 20
tag SNPs, we did observe significant association to SNP
rs2071190 in HNF1A/TCF1. Similarly, we observed modest
evidence for association to the previously reported
Thr45Ala SNP in the MODY gene NEUROD1 (OR 1.15 [95%
CI 1.01–1.30], P ⫽ 0.033), but we obtained much stronger
association evidence to the tag SNP rs3916026 5.4 kb
upstream of the gene (18).
DISCUSSION

We have carried out an unbiased replication of SNPs
reported to be associated with type 2 diabetes before May
2005 based on our review of the literature. We assessed
114 SNPs in a sample of up to 2,155 Finnish individuals,
and we observed 12 significantly associated SNPs in 9
genes, which is in excess of expectation (one-sided P ⫽
0.012). The two SNPs that showed the strongest evidence
for association in our sample were those most commonly
found to be associated with type 2 diabetes thus far: the
PPARG Pro12Ala variant and the KCNJ11 Glu23Lys variant. We also found an intron 1 SNP in TNF to be associated
with type 2 diabetes, as well as with BMI and WHR,
providing evidence that polymorphisms other than the
commonly studied ⫺308 polymorphism in this gene may
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influence risk of type 2 diabetes and obesity-related traits.
We identified association to a SLC2A2 Thr110Ile variant.
The SLC2A2 gene encodes the GLUT2 high Km glucose
transporter protein primarily responsible for glucose sensing in the pancreatic ␤-cells. We also observed modest
evidence for association with the ENPP1 Lys121Gln polymorphism, PCK1 ⫺232 SNP, and the IL6 ⫺598 SNP. We
identified association with SNPs in the MODY genes
NEUROD1 and HNF1A/TCF1; these genes are assessed in
a more comprehensive manner in another report by our
group (18).
We did not replicate most of the previously reported
associations between SNPs and type 2 diabetes. This is
consistent with findings from attempted replications in
other complex diseases (52,53) such as rheumatoid arthritis (54). Some of the previous reports of association may
have been false-positive because of low stringency thresholds for declaring significance or mismatching of ancestry
between case subjects and control subjects (55). Furthermore, when a polymorphism in moderate LD with the
actual causal variant is being tested, variable LD patterns
in different ancestral populations may result in increased
or decreased power to detect the association. Other reasons for discordance in replication include differences
among samples because of ancestral heterogeneity, disease heterogeneity, and ascertainment (52).
The possibility of false-negative results in our sample
cannot be excluded. However, our Finnish sample had
ⱖ78% power to detect variants with ORs ⱖ1.3 and MAFs
ⱖ10%. The estimated OR in the original study was ⬎1.3 for
84% of SNPs (81 of 96) for which ORs were available.
Samples that were only moderately powered to detect
smaller risk effect sizes probably resulted in inflated OR
estimates in the original reports (53). Our moderate sample size is not well powered to detect common variants
with ORs ⬍1.2. Our primary Finnish sample was derived
from a sample of affected sibling pair families, and the
enrichment of case subjects with a positive family history
may be associated with a different set of susceptibility
genes compared with other type 2 diabetic individuals.
The case subjects and control subjects in our study were
matched for age and sex and, whenever possible, birth
province in Finland. We expect little, if any, influence of
population substructure on our findings.
In five of the nine genes that showed association to type
2 diabetes in our analysis, PPARG, KCNJ11, SLC2A2,
NEUROD1, and ENPP1, the associated variants were
nonsynonymous coding SNPs with the strong possibility of
having functional consequences. However, it is possible
that other SNPs in LD with the associated SNPs are the
true functional variants. Further work exploring other
variants in these genes in this sample and others and
experiments addressing genetic changes and their relationship to expression levels or protein function will help
identify the true causal variants.
We examined whether the likelihood of replicating type
2 diabetes association of a previously associated SNP in
our sample was related to a priori significance levels in the
original report. We considered a “replication” as any SNP
with a type 2 diabetes association P ⬍ 0.05 and included
the four monomorphic SNPs as not showing association in
our sample. There were 43 SNPs from 13 genes in which
we identified ⱖ3 reported associations for any SNP in that
gene and replicated 19% of these findings (8 of 43). This
was significantly greater than the replication rate of 5.6%
(4 of 71) for SNPs in genes with only one or two previous
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reports (P ⫽ 0.032). We also compared the cumulative
number of times that a report of association for a particular gene was referenced in the literature and segregated
genes into those with association reports that had been
cited ⱖ100 times or ⬍100 times. We found no difference in
the rate of replication using this criterion (4 of 27 vs. 8 of
87, P ⫽ 0.31). Finally, when attempting to replicate SNPs
that encode putative nonsynonymous changes, we observed no difference in the rate of replication compared
with that of other SNPs (5 of 32 vs. 7 of 82, P ⫽ 0.22).
Among the 99 SNPs in which the previous reports
unambiguously suggested a type 2 diabetes–associated
risk allele, we found 13 SNPs for which the same allele was
associated with increased risk of type 2 diabetes in our
sample. In contrast, we found only two SNPs for which the
nonrisk allele would have shown significant association
(P ⬍ 0.05). Confirmation of the same risk allele in our
sample as in the original report was significantly more
likely than association to the opposite allele (P ⫽ 0.003).
These results are based on the stage 1 sample only to
ensure that no bias resulted from our selection of SNPs for
stage 2 genotyping.
Although we did not replicate many of the previously
reported associations with type 2 diabetes in our Finnish
sample, we did find an excess of significantly associated
SNPs in our sample compared with expectations under the
null hypothesis of no association. If we assume type I and
II error rates of 0.05 and 0.22 for our study, respectively,
and assume arbitrarily that 5% (or 1%) of the previously
reported associations are true positives, then the falsepositive report probability (26) is estimated to be 54.9% (or
86.3%). This suggests that less than half of the significant
associations in our sample are true positives, and additional study will be required to determine their true role in
type 2 diabetes susceptibility.
In summary, we observed strong evidence in our sample
for replication of the most widely replicated associations
in type 2 diabetes, PPARG Pro12Ala and KCNJ11
Glu23Lys. We replicated association to variants in TNF, a
gene in which extensive association with obesity and
diabetes-related phenotypes has been shown (34). We also
observed significant evidence for association to SLC2A2,
recently reported in another Finnish sample (43). We
found modest evidence for type 2 diabetes association
with SNPs in PCK1, ENPP1, and IL6. Given the excess of
significant type 2 diabetes–SNP associations in our samples, we expect some of these SNPs to be true type 2
diabetes susceptibility variants or in strong LD with such
variants.
As we move toward even larger-scale testing of type 2
diabetes–SNP associations, soon on a genome-wide scale,
these results highlight the importance of several methodological principles. For individual studies to have acceptable power to detect association and reduce the reporting
of false-positive association, large sample sizes and suitable significance thresholds are critical. Furthermore, genome-wide association studies are likely to identify new
variants with unknown functional consequences in novel
genes that may be less well characterized for their potential role in type 2 diabetes. Replication in multiple independently ascertained datasets and functional follow-up
studies will be critical for determining which variants
identified by genome-wide association studies are true
susceptibility variants.
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