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Common Variants in Maturity-Onset Diabetes of the
Young Genes Contribute to Risk of Type 2 Diabetes in

Finns

Lori L. Bonnycastle,' Cristen J. Willer,? Karen N. Conneely,> Anne U. Jackson,> Cecily P. Burrill,*
Richard M. Watanabe,® Peter S. Chines,' Narisu Narisu,! Laura J. Scott,? Sareena T. Enloe,’

Amy J. Swift," William L. Duren,”> Heather M. Stringham,> Michael R. Erdos," Nancy L. Riebow,*
Thomas A. Buchanan,* Timo T. Valle,? Jaakko Tuomilehto,?®” Richard N. Bergman,®

Karen L. Mohlke,? Michael Boehnke,? and Francis S. Collins’

Prior reports have suggested that variants in the genes for
maturity-onset diabetes of the young (MODY) may confer
susceptibility to type 2 diabetes, but results have been
conflicting and coverage of the MODY genes has been
incomplete. To complement our previous studies of
HNF4A, we examined the other five known MODY genes for
association with type 2 diabetes in Finnish individuals. For
each of the five genes, we selected 1) nonredundant single
nucleotide polymorphisms (SNPs) (r°< 0.8 with other
SNPs) from the HapMap database or another linkage dis-
equilibrium map, 2) SNPs with previously reported type 2
diabetes association, and 3) nonsynonymous coding SNPs.
We tested 128 SNPs for association with type 2 diabetes in
786 index cases from type 2 diabetic families and 619
normal glucose-tolerant control subjects. We followed up
35 of the most significant SNPs by genotyping them on
another 384 case subjects and 366 control subjects from
Finland. We also supplemented our previous HNF{A re-
sults by genotyping 12 SNPs on additional Finnish samples.
After correcting for testing multiple correlated SNPs
within a gene, we find evidence of type 2 diabetes associa-
tion with SNPs in five of the six known MODY genes: GCK,
HNF1A, HNF1B, NEURODI1, and HNF4A. Our data suggest
that common variants in several MODY genes play a modest
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he common form of type 2 diabetes results from

a complex interaction between genetic back-

ground, environment, and health behavior, lead-

ing to two primary abnormalities: insulin
resistance and insufficient insulin secretion (1). Identifying
susceptibility genes for type 2 diabetes has been difficult,
as it has been for most multifactorial diseases. In contrast,
there has been considerable success in identifying genes
involved with an autosomal dominant form of type 2
diabetes, maturity-onset diabetes of the young (MODY).
This monogenic disease accounts for 1-5% of all type 2
diabetes cases and is characterized by high penetrance,
early age at onset (usually before 25 years), impaired
insulin secretion, and mild to severe clinical manifesta-
tions (2). Variants in six genes responsible for MODY have
been identified (2). These genes are hepatic nuclear factor
4a (HNF4A-MODY 1), glucokinase (GCK-MODY 2), tran-
scription factor 1 (HNFIA/TCF1-MODY 3), insulin pro-
moter factor 1 (IPF1/PDX1-MODY 4), transcription factor
2 (HNF1B/TCF2-MODY 5), and neurogenic differentiation
1 (NEUROD1-MODY 6). Most MODY genes appear to
cause disease as a result of haploinsufficiency of the
protein product in pancreatic p-cells (3). With the excep-
tion of GCK, the known MODY genes are transcription
factors that directly or indirectly influence expression of
insulin and other proteins involved with glucose metabo-
lism and/or B-cell development (4,5).

Genes with rare variants that cause severe phenotypes or
monogenic disease are excellent candidates for variants that
predispose to related multifactorial diseases (5). Monogenic
disorders with diabetes and diabetes-related phenotypes
have been associated with mutations in PPARG (6) and
KCNJ11 (7). Additionally, common nonsynonymous varia-
tions in these genes are two of the most widely replicated
type 2 diabetes susceptibility alleles (8). Single nucleotide
polymorphism (SNP) variants or haplotypes in MODY genes
have been reported to be associated with common type 2
diabetes, but in most instances, these variants have had low
frequencies and/or were population specific (9-17). Re-
cently, we and others independently identified the associa-
tion of common polymorphisms in the P2 promoter region of
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TABLE 1
Clinical characteristics of samples
Stage 1 Stage 2
FUSION FUSION Finrisk Finrisk Finrisk
case subjects control subjects control subjects case subjects control subjects

Samples (n) 786 377* 242 384 366
Male:female (n) 437:349 156:221 169:73 232:152 214:152
Age of diagnosis (years) 51.0 (12.0) NA NA 59.0 (12.0) NA
Age at examination (years) 64.3 (10.1) 69.8 (5.9) 64.6 (9.9) 60.5 (12.2) 60.5 (11.3)
BMI (kg/m?) 29.4 (6.1) 27.1 (5.4) 26.8 (4.3) 30.6 (6.2) 26.6 (4.5)
Fasting glucose (mmol/l) 9.7 (4.9) 5.0 (0.6) 5.6 (0.5) 7.3 (1.3) 5.6 (0.5)
Fasting insulin (pmol/l) 96.0 (84.0) 60.0 (42.0) 42.0 (28.8) 79.2 (61.8) 39.0 (27.6)

Data are median (interquartile range). *225 FUSION elderly control subjects and 152 spouse control subjects. NA, not applicable.

HNF4A with risk of common type 2 diabetes in individuals of
Finnish (18) and Ashkenazi Jewish origin (19). Association of
these variants has subsequently been reported in U.K,
Amish, and Danish samples (20-22) but not in European
Americans (14,23), French (24), Polish, Canadian, and Scan-
dinavian samples (23).

The most previous type 2 diabetes studies of MODY genes
have had limited gene coverage, focusing primarily on pro-
moter regions, exons, and splice junctions, and most have
genotyped only one or a few variants. Such restricted evalu-
ations may have failed to identify disease-predisposing vari-
ants located in noncoding regulatory regions, particularly
those at some distance from the coding exons. Recent
improvements in the understanding of human genetic varia-
tion, including the dramatic growth of the dbSNP database
(www.ncbi.nlm.nih.gov/projects/SNP/), the HapMap (ww-
w.hapmap.org) project (25), and the development of highly
cost-efficient genotyping technologies, have made a more
thorough analysis of these candidate genes possible. There-
fore, to complement and extend our ongoing analysis of
HNF4A, we performed a comprehensive study to assess type
2 diabetes association of variants in five other MODY genes:
GCK, HNF'1A, IPF1, HNF1B, and NEURODI. We also geno-
typed 12 SNPs in HNF4A in additional samples to further
assess the evidence for association in this gene. After cor-
recting for testing of multiple correlated SNPs within a gene,
we found evidence of type 2 diabetes association with SNPs
in five of the six known MODY genes: GCK, HNF1A, HNF'1B,
NEURODI1, and HNF4A.

RESEARCH DESIGN AND METHODS

Independent samples of Finnish individuals from the Finland-U.S. Investiga-
tion of NIDDM Genetics (FUSION) study and the Finrisk 2002 (Finrisk) study
were used in this study. FUSION subject recruitment and phenotyping have
been described previously (26,27). For the current study, we selected 786
affected individuals, one each from 786 FUSION affected sibling pair families,
as the stage 1 case sample. FUSION control subjects consisted of 225 elderly
subjects and 152 normal glucose-tolerant spouses of type 2 diabetic subjects
(Table 1). The remainder of the stage 1 control sample consisted of 242 normal
glucose-tolerant individuals (Table 1) from Finrisk 2002, a Finnish population-
based national risk factor survey study (28). For stage 2, an additional 384 type
2 diabetic individuals and 366 normal glucose-tolerant individuals were
selected from the Finrisk study. These case and control subjects were approxi-
mately frequency matched for age, sex, and province of birth (Table 1).
Informed consent was obtained from each study participant, and the
institutional review board of participating centers approved the study protocol.
SNP selection. We selected a total of 1564 SNPs in the six known MODY
genes. A total of 142 of the 154 SNPs were from genomic regions spanning the
five MODY genes: GCK, HNF1A, IPF1, HNF1B, and NEUROD1. We selected
nonredundant SNPs (#* < 0.8 with other SNPs) from the CEU HapMap
database (December 2004 releases: www.hapmap.org) and from additional
private linkage disequilibrium (LD) maps created using 96 chromosomes from
CEPH pedigrees for GCK, IPF1, HNF1B, and NEURODI, provided by D.
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Altshuler and W. Winckler (D. Altshuler, W. Winckler, personal communica-
tion). We also selected 1) SNPs previously reported to be associated with type
2 diabetes (PubMed: through February 2005), 2) nonsynonymous coding SNPs
from dbSNP, and 3) HNFIA SNPs that showed association (P < 0.05) with
type 2 diabetes in the initial stage of the Winckler et al. study (29). The average
gap size between SNPs on the LD maps within 20 kb of GCK, IPF1I,
NEURODI1, HNFIA, and HNF1B were 1.36, 2.11, 4.90, 2.97, and 0.97 kb,
respectively. Of the 62 HNF4A SNPs genotyped in the FUSION samples, we
selected for further analysis 12 SNPs with evidence of association with type 2
diabetes in a subset of the stage 1 samples, 7 of which had been previously
reported (15,18).

Genotyping. We carried out SNP genotyping on two platforms: the Sequenom
homogeneous MassEXTEND assay (84% of genotypes) and the Illumina
Golden Gate assay (16% of genotypes). We observed 51 discrepancies among
54,911 duplicate genotype pairs for the Sequenom system and 66 discrepan-
cies among 115,637 duplicate genotypes for the Illumina system, yielding
genotype reproducibility rates of 99.91 and 99.94%, respectively. We obtained
call rates =90% for 146 of the 154 SNPs and excluded the other 8 SNPs from
further analysis. These excluded low-success SNPs were GCK rs3217944;
HNF1A rs2464195 and rs1169305; IPF1 rs3812861; and HNF1B rs1805035,
rs3110645, rs916894, and rs1800575. Of the 146 SNPs, we also excluded 4 with
an allele frequency estimate <0.005 (IPF1 Asp76Asn; NEURODI rs1348123,
rs8192556, and rs11558286) and 2 that were not consistent with Hardy-
Weinberg expectations (P < 0.001) (HNF1B rs9914818 and rs757211). Conse-
quently, we performed association analyses for 128 SNPs in GCK, HNFIA,
IPF1, HNF1B, and NEURODI and 12 SNPs in HNF4A (Fig. 1 and Table 2).
Staged sample genotyping. We used a two-stage strategy in which we
genotyped all SNPs on the stage 1 samples and then followed up the most
strongly associated SNPs (P = 0.10) by genotyping them on the stage 2
sample. We excluded 16 SNPs from further analysis after stage 1 genotyping
because they were in strong LD (#*° > 0.9) with another SNP with a higher
genotyping success rate. For 35 SNPs, we analyzed genotypes for all samples,
for a total of 1,170 case and 985 control subjects. This strategy of joint analysis
has greater power than a replication study in which only the results for the
second sample are considered (30). Using this design, we have 78% power to
detect multiplicative SNP-type 2 diabetes association with odds ratios (ORs)
of =1.3, at minor allele frequencies =10%. Furthermore, this design has 99% of
the power of the equivalent single-stage design in which all samples are
genotyped for all SNPs. The number of SNPs successfully genotyped and
tested for each stage in each gene is shown in Table 2.

Statistical analysis of data. We estimated pairwise LD measures for all
SNPs using the LDmax program (31). We tested disease-marker association
and estimated ORs using logistic regression under three genetic models:
dominant, recessive, and multiplicative. To assess the significance of our
results, we calculated P values (designated Pgyp) that took into account
the testing of three correlated genetic models and of multiple correlated
SNPs within a gene region (designated Pyy). To do so, we computed Pgyp
or P,pyi @s the probability of observing a P value at least as small as the
minimum P value from the three models and/or the multiple SNPs, given
the correlation between the genetic models or SNPs, assuming no disease-
SNP correlation. We calculated these no-association probabilities using the
known asymptotic distributions of the test statistics based on population
estimates of the correlation parameters (K.N.C., M.B., personal communi-
cation). Our method is similar to those proposed by Lin (2005) (32) and
Seaman and Muller-Myhsok (2005) (33) but allows much more rapid
estimation of P values. We verified Pgy, values for our key results by
permutation testing and obtained near-identical results (data not shown).
For the HNF4A Pggyy values, we corrected for all 62 SNPs genotyped in
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FIG. 1. Association of MODY gene SNPs with type 2 diabetes. The negative logl0 P, values for the SNPs with both stage 1 + 2 data are plotted
in reference to the predicted gene structure (red boxes represent exons; red arrows represent the ATG initiation codons). The dashed line marks
the threshold of significant association (Pgyp = 0.05). Black arrows below the x-axis indicate SNPs successfully genotyped in stage 1. x-Axis scale

is shown in reference to genome position (hgl7) in Mb.

this gene in any subset of our samples and not only the 12 described in this
study. We tested for association with the age of diagnosis in case subjects
by performing linear regression with sex and BMI as covariates. For each
SNP, we tested each of three genetic models, and corrected for the models
tested in a similar manner to that used for Pgp for type 2 diabetes
association.

We determined the independence of significant association signals (Pgyp <
0.05) for two SNPs in the same gene by including the more significant SNP as
a covariate in logistic regression and reassessing the evidence for association
with the SNP of interest.

To assess association of haplotypes with type 2 diabetes, we first divided
genes into sets of SNPs so that all typed SNPs were included in exactly one
SNP set. Each gene contained between 1 (for NEURODI) and 12 (for HNF1B)
sets, and each set contained between 2 and 11 SNPs. We identified regions of
moderate D’ between SNP pairs and either extended these SNP sets to
incorporate single SNPs between sets or added SNPs that were not previously
included in a set but were consecutive in position (Haploview [34]). We then
estimated haplotype frequencies separately in case and control subjects for all
SNPs within each set and permuted case and control status to obtain a
significance level that accounts for the multiple haplotypes examined within
each set (FAMHAP software [35]). All haplotypes were used to estimate the
significance. However, for simplicity, only haplotypes with frequencies >1% in
case or control subjects are shown in Table S3 (online appendix [available at
http://diabetes.diabetesjournals.org]).

We assessed interactions with stage 1 data between all SNPs with a Pgyp <
0.05 (stage 1 + 2) paired with all other SNPs. A likelihood ratio test where
case or control status was predicted using logistic regression was performed
to compare two models: the null model, consisting of single-SNP multiplica-
tive and dominant effects, and the full model, which also included terms for
multiplicative by multiplicative, multiplicative by dominant, dominant by
multiplicative, and dominant by dominant interaction effects. Permuting case

2536

and control labels confirmed the appropriateness of the asymptotically
derived P values.

RESULTS

We evaluated 140 SNPs representing common variation or
likely functional changes in and around GCK, HNFIA,
IPF1, HNF1B, NEURODI, and HNF4A in 1,405 stage 1
samples (Tables 1 and 2). We found 39 SNPs with Pgp =
0.1 in stage 1. We genotyped 35 SNPs with pairwise 1~ <
0.9 in stage 2 samples. The type 2 diabetes association
results from the joint analysis of 2,155 individuals, 1,170
case and 985 control subjects, are shown in Table 3 (stage
1 + 2) and Fig. 1. Genotype counts, ORs, and P values for
each genetic model for stage 1 and stages 1 + 2 are
available in the online apendix Tables S1 and S2, respec-
tively. In the stage 1 + 2 analysis, we found 15 SNPs
associated with disease status at significance level Pqyp <
0.05 after correcting for three disease models. Because
multiple SNPs within a gene were found to be associated
with disease, we tested for the independence of these
association signals. Eight SNPs showed significant evi-
dence for association (Pgyp < 0.05) that was independent
of any other SNP: one SNP each in GCK, IPF1, NEURODI1,
and HNF4A and two each in HNF1A and HNF1B. After
correcting for the total number of SNPs genotyped in each
gene and accounting for the LD structure between SNPs,
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TABLE 2
Number of SNPs tested for type 2 diabetes association and number of significant SNPs in stage 1 or in stages 1 + 2

Stage Stages 1 + 2
Gene MODY gene 1 2 Pgpp < 0.05 Popng < 0.05
GCK MODY2 34 6 4 1
HNF1A MODY3 20 9 2 1
IPF1 MODY4 13 1 1 0
HNFI1B MODY5 56 6 2 1
NEURODI MODY6 5 2 1 1
Total 128 24 10 4
HNF4A MODY1 12 11 5 1
Final total 140 35 15 5

Pgp, P value after accounting for testing of three models; Pypng, P value after accounting for testing of multiple correlated SNPs within a gene.

five of the eight independently associated SNPs remained
significant (Pgpng < 0.05). These five SNPs are GCK
152244164, NEUROD1 153916026, HNF'1A rs2071190, HNF1B
rs1008284, and HNF4A rs6103716. When we carried out
disease-haplotype association analysis for a total of 30 SNP
sets in the six genes, we observed 2 HNFIB SNP sets

TABLE 3

significant at P < 0.05, but these were not significant after
correcting for multiple testing (online appendix Table S3).
Considering the early age of onset observed in MODY
patients, we tested SNPs for association with age of diagno-
sis for common type 2 diabetes in the FUSION diabetic
individuals. We evaluated 123 SNPs (° < 0.9 with other

Stage 1 + 2 results for SNPs associated with type 2 diabetes in stage 1 (Pgyp < 0.1)

Position Alleles Minor allele

Gene SNP ID (kb)* (minor/major)  frequencyt  Best model Best model OR (CI) Pgnp Piene

GCK 152284769 +6.33 G/C 0.152 R 1.72 (0.95-3.09) 0.13
152284773 +7.26 A/G 0.121 M 1.14 (0.95-1.36) 0.31
152244164 +11.43 C/T 0.470 M 0.81 (0.72-0.92) 0.0018  0.039
1512534623 +36.35 G/A 0.346 R 1.36 (1.05-1.76) 0.043:
152268573 +38.08 G/T 0.484 R 1.39 (1.14-1.69) 0.0027%
15882020 +49.81 T/C 0.161 R 1.87 (1.08-3.24) 0.045%

HNFIA rs2701175 —24.90 C/A 0.420 R 1.34 (1.06-1.68) 0.028 0.22
151920792 —11.99 C/T 0.476 D 0.87 (0.72-1.05) 0.28
GE117884_349 —11.3 A/G 0.350 D 0.93 (0.78-1.11) 0.67
GE117881_360 —1.28 G/A 0.456 R 1.26 (1.01-1.55) 0.076
151169289 +0.05 G/C 0.471 R 1.17 (0.95-1.44) 0.28
151169288 +0.08 C/A 0.384 R 1.26 (0.98-1.60) 0.14
151169300 +14.65 A/G 0.312 R 1.18 (0.88-1.58) 0.47
152071190 +14.70 AT 0.209 R 2.08 (1.30-3.31) 0.0032 0.035
15735396 +22.27 C/T 0.360 R 1.18 (0.91-1.52) 0.37

IPF1 152297316 —4.06 AG 0.407 D 0.77 (0.64-0.92) 0.0091 0.074

HNFI1B 152107131 +18.19 A/G 0.416 M 0.88 (0.78-0.99) 0.085
rs916895 +20.65 T/C 0.063 M 1.06 (0.82-1.36) 0.66
1512450628 +22.46 T/C 0.279 R 1.63 (1.20-2.23) 0.0038  0.14
151008284 +42.42 AG 0.260 R 0.53 (0.37-0.75) 0.00080  0.035
151058166 +57.89 C/T 0.054 M 0.93 (0.71-1.21) 0.58
153094503 +74.47 C/A 0.217 D 0.84 (0.70-1.00) 0.11

NEURODI1  1s3916026 —5.42 C/G 0.417 D 0.73 (0.61-0.87) 0.0014  0.0059
151801262 +0.13 T/C 0.337 M 1.15 (1.01-1.30) 0.069

HNF4A 152144908 +1.27 A/G 0.194 M 1.11 (0.95-1.29) 0.34
156031552 +5.35 A/C 0.213 R 0.68 (0.44-1.05) 0.17
rs6103716 +15.19 C/A 0.345 M 1.26 (1.11-1.44) 0.00067  0.028
156031558 +15.20 C/G 0.314 M 0.80 (0.70-0.91) 0.00218§
156103723 +33.09 A/C 0.026 M 0.73 (0.49-1.11) 0.14
152425637 +39.60 T/G 0.482 M 1.18 (1.04-1.33) 0.018§
152425640 +43.59 A/G 0.408 M 0.84 (0.74-0.95) 0.015§
rs3212183 +50.69 C/T 0.391 D 1.26 (1.05-1.51) 0.030§
rs3212191 +54.34 C/T 0.146 D 1.18 (0.98-1.44) 0.17
151885088 +54.60 A/G 0.117 D 1.26 (1.03-1.54) 0.056
153818247 +73.04 T/G 0.341 R 0.91 (0.70-1.18) 0.72

*Position relative to ATG of longest isoform; GE117881_360 and GE117884_349 are not in dbSNP. tMinor allele frequencies calculated
relative to control subjects; Pgyp, P value after accounting for testing of three models: R = recessive, D = dominant, M = multiplicative;
Pieng, P value after accounting for testing of correlated SNPs within a gene and only reported for SNPs with Pgyp < 0.05 and with association
signal not accounted for by another SNP. £Type 2 diabetes association is accounted for by rs2244164. §Type 2 diabetes association is

accounted for by rs6103716.
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SNPs) in the MODY genes and found 8 SNPs significantly
associated with age of diagnosis with Pgyp < 0.05 and 2 SNPs
with Pgyp < 0.01 (data not shown). This was not different
from expectations under the null hypothesis of no associa-
tion (6.1 at Pgyp < 0.05 and 1.2 at Pgyp < 0.01). Among the 15
SNPs genotyped on the combined samples that showed
association to type 2 diabetes before correcting for testing of
multiple correlated SNPs (Pgyp < 0.05), only 1 SNP, HNF4A
152425640, was associated with age of diagnosis in FUSION
type 2 diabetic individuals (Pgyp = 0.042).

We examined stage 1 data for interactions between 1,723
SNP pairs, with each pair including at least 1 of the 15 SNPs
that were significantly associated with type 2 diabetes after
stages 1 + 2 (Pgnp < 0.05) and all SNPs genotyped on stage
1 samples. We observed 18 pairs with significant evidence
for interaction (P < 0.01) and 91 pairs with P < 0.05. This is
not significantly greater than expectations (17.2 at P < 0.01
and 86.2 at P < 0.05). The two pairs of SNPs that showed
the strongest evidence for interaction were NEURODI
rs3916026 with HNF1B rs2074429 (P = 0.00018) and HNF1B
rs3094508 with HNF4A rs2425640 (P = 0.00024).

DISCUSSION

We evaluated SNPs in six MODY genes (GCK, HNFIA,
IPF, HNF1B, NEUROD1, and HNF4A) and observed eight
independent SNPs, at least one per gene, associated with
increased risk for type 2 diabetes (Pgyp < 0.05). After
accounting for testing of multiple correlated SNPs within a
gene, five of the eight SNPs remained significant (Pgpng <
0.05), one per gene in GCK, HNF1A, HNF1B, NEUROD1,
and HNF4A. A subset of these SNPs may play a role in type
2 diabetes susceptibility or be in LD with such variants.

The associated SNPs are all located in noncoding se-
quences with no obvious functional effect. Theoretically,
these SNPs could be in LD with causal SNPs in the coding
regions of these genes. However, reference to the data
now available from HapMap Phase II (http:/www.hapmap.
org) does not reveal any previously overlooked common
coding variants of these genes. Given this fact, and the
observation that the risk alleles have only a modest effect
on type 2 diabetes risk, we hypothesize that the type 2
diabetes risk is mediated by noncoding variants exerting
subtle effects on gene expression.

There have been several reports of GCK, HNF1A, IPF1,
NEURODI1, and HNF4A gene variants segregating in late-
onset type 2 diabetic families or exhibiting association with
type 2 diabetes in case and control samples (9-12,16,17,20—
22,36,37). In this study, we successfully genotyped the fol-
lowing previously associated SNPs: GCK G(—30)A (36), IPF'1
Asp76Asn (10,11), and NEUROD1 Thr4bAla (37). We found
marginal evidence of association with the NEURODI
Thr45Ala SNP (two-sided Pgyp = 0.067, one-sided Pgyp =
0.038) with the same risk allele as observed in the original
population (37). However, a meta-analysis of 14 case-control
studies of NEUROD1 found no evidence for an overall effect
of NEURODI1 Thr4bAla on type 2 diabetes risk (38). Two
in-depth studies of type 2 diabetes and common genetic
variation in HNFIA in Caucasian samples were published
during the course of our study (29,39). We examined several
SNPs in common with these studies, and after correcting for
multiple testing, only one SNP (1s2071190, Pgyp = 0.0032)
exhibited significant association with type 2 diabetes. The
same risk allele of SNP rs2071190 was significantly associ-
ated with type 2 diabetes (P = 0.04) in the initial case-control
sample group of Weedon et al. (39).
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Further investigation of HNF4A has identified new regions
of association in Finns. Two of the recently tested SNPs
(rs6103716 and rs6031558) located +15 kb from the HNF4A
P2 promoter exhibited a stronger association with type 2
diabetes in the combined FUSION and Finrisk samples than
previously tested SNPs. If these are true positive findings, the
two SNPs may be tagging a single susceptibility variant or
haplotype, as the two SNPs are in moderate LD (+° = 0.23).
SNP rs6031558 has been evaluated in the Pima Native-
American tribe, and although there was a modest increased
risk for type 2 diabetes (multiplicative P = 0.04), the risk
allele was opposite to our study (16). To our knowledge, SNP
rs6103716 has not been tested in other populations, so
further evaluation of this SNP will help assess its importance
in determining type 2 diabetes susceptibility. Additionally,
several SNPs that previously showed evidence for type 2
diabetes association in the FUSION samples (18) were no
longer associated after we included data from the Finrisk
samples. Variation in the strength and direction of type 2
diabetes association is also observed in multiple studies that
have tested these variants (14,20-24). There is evidence of a
pancreatic islet—specific network of transcription factors that
interacts predominantly at the P2 promoter of HNF4A (3,4).
As shown in Fig. 2, this HNF4A network is likely connected
to other networks, involving a variety of transcription fac-
tors, including MODY genes HNF1A, HNFIB, and IPF1
(3,40). We tested for MODY gene-gene interactions but did
not observe an excess of significant associations. Our lack of
positive findings may reflect the complexities associated with
testing interactions or the lack of statistically detectable
interactions between these genes.

Distinguishing MODY from common type 2 diabetes is
difficult, and we have attempted to avoid ascertainment of
MODY individuals by recruiting FUSION individuals be-
tween the ages of 35 and 60 years and Finrisk individuals
between the ages of 45 and 74 years. There is a large
number of MODY mutations; the vast majority of MODY
patients have mutations in GCK or HNFI1A, whereas
mutations in the other four genes account for <8% of
MODY patients in the U.K. population (41). It is unlikely
that undiscovered MODY patients in our sample would
carry a MODY-causing allele frequent enough to result in
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our evidence for type 2 diabetes association in these
genes, particularly in NEURODI1, HNF1B, and HNF4A,
which are responsible for so few cases of MODY.

The four SNPs in GCK, HNF1A, HNF1B, and NEUROD1
with significant type 2 diabetes associations in our study
were not significantly associated in a concurrent study of
GCK, IPF1, HNF1B, and NEURODI1 in a large cohort of
Swedish, Finnish, Canadian, and Polish type 2 diabetic indi-
viduals (D. Altshuler, W. Winckler, personal communication)
or in a previous study of HNFI1A in the same cohort of
individuals (29). A number of factors could explain these
differences in results, particularly given the likely small effect
size of each variant. These include the impact of population
and disease heterogeneity, the fact that all our FUSION cases
are familial (having an affected sibling), while half the stage 1
cases studied by Winckler are not, and differences in the
clinical characteristics of the samples. In contrast to our
study, the Winckler et al. study (29) case and control samples
(the nonfamilial samples) were matched for BMI, which
might obscure any genes contributing to obesity. Also possi-
ble is that our significant associations are false-positives or
that their lack of concordance with our results is due to their
false negatives.

There are several well-known examples of common
variants in genes involved in Mendelian diseases that act
as susceptibility factors in related complex diseases. As
mentioned earlier, this includes PPARG and KCNJI11 in
type 2 diabetes (6—8). Truncating mutations in the APC
gene are responsible for familial adenomatous polyposis,
but a missense variant Ile1307Lys confers an increased
risk for multifactorial colorectal tumors in individuals of
Ashkenazi Jewish origin (42). Mutations in CFTR are the
cause of the autosomal recessive disorder cystic fibrosis,
but milder variants have been linked with idiopathic
pancreatitis and male infertility in individuals with no
other symptoms of typical cystic fibrosis (43). To date,
there are six genes identified to be involved with Mende-
lian forms of Parkinson’s disease (44,45): SCNA, PRKN,
UCH-L1, DJ-1, PINKI, and LRRKZ2. Allelic variants in
SCNA, PRKN, and LRRKZ2 have also now been associated
with increased risk for common sporadic Parkinson’s
disease, and a coding variant in UCH-LI confers lower
risk for this more common late-onset form of disease
(44,45). The monogenic disease osteogenesis imperfecta
usually arises from mutations in the genes encoding the
collagen al (COL1A1I) or a2 (COL1A2) chains (46), but a
regulatory polymorphism of an Spl binding site of the
COLI1A1I gene has been associated with low bone density
(47) and idiopathic osteoporosis (48).

There is increasing evidence supporting a role for regula-
tory variants in complex diseases (49,50). Using an LD-based
SNP selection and two-stage genotyping approach, we per-
formed a comprehensive evaluation of both coding and
noncoding regions surrounding each of the known MODY
genes. This strategy differs from most previous studies of
MODY genes, and we have observed significant type 2
diabetes association (Pgpng < 0.05) with noncoding variants,
most of which have not been tested in other populations.
Replication of these results in additional and larger study
samples is crucial in determining the real significance of the
associated SNPs. Furthermore, if these are true positive
associations, evaluation of these SNPs in populations with
different haplotype structures may help identify the disease
predisposing SNPs.

Our two-stage genotyping and joint analysis strategy
was cost-efficient and enabled us to evaluate more SNPs
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and samples while retaining the power of a one-stage
strategy (30). The inclusion of 65 and 35% of samples in
stage 1 and 2, respectively, was not necessarily the optimal
design but was a reflection of sample availability during
the course of the study.

Although we observed type 2 diabetes association with
SNPs in several of the MODY genes, a potential weakness of
our study, common to all association studies, is a lack of
power to detect rare susceptibility variants or variants with
small genetic effect sizes. Another consideration is false
negatives or false-positives as a result of population hetero-
geneity within our sample group. To address this, we com-
pared the genotype counts for the FUSION-ascertained
control subjects with the Finrisk-ascertained control sub-
jects. We found no excess of SNPs with significantly different
genotype counts for either stage 1 (P = 0.11) or stage 2 (P =
0.51).

Our data support the hypothesis that mutations in genes
involved in MODY play a role in predisposing to type 2
diabetes by implicating SNPs in five of the six known
MODY genes. However, the observed effect for each of
these variants is small and does not explain a substantial
proportion of the hereditary component to type 2 diabetes.
The availability of genome-wide association data and the
expanding repertoire of genomics tools have the potential
to facilitate efforts to identify the major common variants
that, individually or in combination, affect susceptibility to
this common familial disease.
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