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Identification of Novel Candidate Genes for Type 2
Diabetes From a Genome-Wide Association Scan in the

0Old Order Amish

Evidence for Replication From Diabetes-Related
Quantitative Traits and From Independent Populations

Evadnie Rampersaud,’ Coleen M. Damcott," Mao Fu,! Haiqing Shen,' Patrick McArdle,' Xiaolian Shi,*
John Shelton,! Jing Yin,' Yen-Pei C. Chang,’ Sandra H. Ott," Li Zhang," Yiju Zhao,"
Braxton D. Mitchell,! Jeffery O’Connell," and Alan R. Shuldiner'?

OBJECTIVE—We sought to identify type 2 diabetes suscepti-
bility genes through a genome-wide association scan (GWAS) in
the Amish.

RESEARCH DESIGN AND METHODS—DNA from 124 type 2
diabetic case subjects and 295 control subjects with normal
glucose tolerance were genotyped on the Affymetrix 100K single
nucleotide polymorphism (SNP) array. A total of 82,485 SNPs
were tested for association with type 2 diabetes. Type 2 diabetes—
associated SNPs were further prioritized by the following: 1)
associations with 5 oral glucose tolerance test (OGTT) traits in
427 nondiabetic Amish subjects, and 2) in silico replication from
three independent 100L SNP GWASs (Framingham Heart Study
Caucasians, Pima Indians, and Mexican Americans) and a 500K
GWAS in Scandinavians.

RESULTS— The strongest association (P = 1.07 X 10™°) was
for rs2237457, which is located in growth factor receptor—bound
protein 10 (Grb10), an adaptor protein that regulate insulin
receptor signaling. rs2237457 was also strongly associated with
OGTT glucose area under the curve in nondiabetic subjects (P =
0.001). Of the 1,093 SNPs associated with type 2 diabetes at P <
0.01, 67 SNPs demonstrated associations with at least one OGTT
trait in nondiabetic individuals; 80 SNPs were nominally associ-
ated with type 2 diabetes in one of the three independent 100K
GWASS, 3 SNPs (rs2540317 in MFSD9, rs10515353 on chromo-
some 5, and rs2242400 in BCAT1 were associated with type 2
diabetes in more than one population), and 11 SNPs were
nominally associated with type 2 diabetes in Scandinavians.
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One type 2 diabetes—associated SNP (rs3845971, located in
FHIT) showed replication with OGTT traits and also in
another population.

CONCLUSIONS—Our GWAS of type 2 diabetes identified sev-
eral gene variants associated with type 2 diabetes, some of which
are worthy of further study. Diabetes 56:3053-3062, 2007

ype 2 diabetes, a complex disease that is char-
acterized by insulin resistance and impaired
B-cell function, represents a serious global pub-
lic health problem, with more than 100 million
people affected worldwide. While the primary molecular
defects in type 2 diabetes remain largely unknown, it is
clear that both genetic and environmental risk factors
(including diet and physical inactivity) play critical roles.
More than 20 genome-wide linkage scans of type 2 diabe-
tes have been published, with evidence for linkage re-
ported to a number of loci, including regions on
chromosomes 1, 3, 8, 10, 12, 14, and 20 (1-8). Of the
numerous candidate genes studied for their functional role
in pancreatic B-cell function, insulin action, or energy
metabolism, as well as positional candidate genes identi-
fied under linkage peaks, very few have variants that are
consistently associated with type 2 diabetes. Indeed, com-
mon variants in only a few genes (PPARy, KCNJ11,
CALPN10, TCF7L2, and HNF4A) have been replicated in
multiple populations (9).

The Old Order Amish are a closed founder population
who emigrated from Switzerland in the early 1700s. They
are a well-suited population for carrying out genetic
studies since they live a relatively homogeneous lifestyle
and maintain extensive family history records. The Amish
Family Diabetes Study (AFDS) was initiated in 1995 with
the goal of identifying the genetic determinants of type 2
diabetes (10). The sibling relative risk (\;) of type 2
diabetes in the Amish is 3.28 (95% CI 1.58-6.80), similar to
that observed in other Caucasian populations. Genome-
wide linkage analysis of type 2 diabetes and impaired
glucose tolerance conducted in AFDS pedigrees (6) re-
vealed regions on chromosomes 1q and 14q, both of which
have been implicated in linkage scans from other popula-
tions (1-5,7). Specific variants in several well-replicated
type 2 diabetes susceptibility genes are associated with
type 2 diabetes in the Amish, including TCF7L2 rs7903146
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TABLE 1

Description of sample characteristics for type 2 diabetes GWAS in the Amish

Type 2 diabetic case and NGT control subject dataset

Characteristics Type 2 diabetic case subjects NGT control subjects

n 124 295

Male subjects (%) 33 52

Age (years) 51.3 = 10.5 64.4 = 12.9

BMI (kg/m?) 29.3 £ 5.8 274 + 4.7
OGTT-derived quantitative trait dataset

Characteristics All Men Women

n 427 200 227

Age (years) 51.9 = 11.9 52.2 + 11.9 51.7 + 11.9

BMI (kg/m?) 27.7 £ 5.0 26.4 + 4.0 28.9 + 5.5

Fasting glucose (mmol/l) 5.09 = 0.45 5.12 = 047 5.07 = 0.43

GAUC (mmol -17*-h™h 379.2 + 68.0 362.6 + 65.3 393.9 + 67.1

IAUC (mU-1"*-h™hH 137.9 = 88.9 108.5 = 60.6 164.5 + 101.3

HOMA-IR (mU per mmol/1%) 2.6 = 1.7 2.6 =22 2.6 + 1.1

ISI (units/g) 09=*+15 0.85 + 1.9 0.93 + 1.0

Data are means = SD. All were nondiabetic subjects.

(odds ratio 1.60, P = 0.008) (11) and HNF4A rs2425640
(1.60, P = 0.03) (12). These findings suggest that the common
type 2 diabetes gene variants in the Amish will likely be
relevant to more outbred Caucasian populations.

Increased knowledge of common variation in the human
genome learned as part of the HapMap initiative, coupled
with advances in technologies, make possible the geno-
typing of thousands of single nucleotide polymorphisms
(SNPs) in genome-wide association scans (GWAS). This is
a powerful approach for identifying novel susceptibility
genes for complex diseases (13,14). Recently, four GWAS
studies of type 2 diabetes have identified variants at
several novel loci, including SLC30AS, IGF2BP2, CK-
DALI, CDKN2A/CKDNZ2B, and HHEX/IDE, that show
strong replicated association with type 2 diabetes (15-18).
In this article, we report results from a GWAS of type 2
diabetes in the Amish using the Affymetrix 100K SNP
genotyping platform. We further characterize our findings
using diabetes-related quantitative traits measured in non-
diabetic Amish individuals. Lastly, we interpret the results
of this scan in the context of three recently completed
100K GWAS studies for type 2 diabetes, as part of the Type
2 Diabetes 100K GWAS Consortium, along with a publicly
available 500K GWAS of type 2 diabetes recently per-
formed in a Scandinavian population.

RESEARCH DESIGN AND METHODS

Study population and phenotype assessment. Individuals with type 2
diabetes were identified from the AFDS. Details of the AFDS have been
previously described (10). Phenotypic characterization of participants in-
cluded medical and family history, anthropometry, and a 3-h 75-g oral glucose
tolerance test (OGTT) with insulin levels. We based our primary analyses on
124 type 2 diabetic case and 295 normal glucose tolerant (NGT) control
subjects. Type 2 diabetes was defined by fasting plasma glucose level (=7
mmol/l), 2-h OGTT plasma glucose level (=11.1 mmol/1), random plasma
glucose level (=11.1 mmol/l), the use of insulin or prescription oral glucose-
lowering agents, or a diagnosis of diabetes documented by a physician. To
minimize potentially misclassifying subjects with type 1 diabetes as having
type 2 diabetes, case subjects with age of diagnosis <35 years were excluded.
NGT control subjects were aged >38 years at the time of study and were
selected based on fasting plasma glucose level (<6.1 mmol/l) and 2-h OGTT
plasma glucose level (<7.8 mmol/l).

We performed secondary quantitative analyses of our mostly highly asso-
ciated signals (P < 0.01) in a set of 427 nondiabetic Amish study participants,
132 of whom had impaired glucose tolerance and 295 of whom were part of
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the NGT control group used in our primary analysis. We estimated the mean
levels of two OGTT-derived quantitative glucose traits (fasting glucose and
glucose area under the curve [GAUC]) and three insulin traits (insulinogenic
index [ISI], insulin area under the curve [[AUC], and homeostasis model
assessment of insulin resistance [HOMA-IR]) according to the SNP genotypes
in these individuals. Total GAUC and IAUC were calculated based on
measurements at 0, 30, 60, 90, 120, 150, and 180 min using the trapezoidal
method. The ISI was calculated as (insulin at 30 min — fasting insulin)/
(glucose at 30 min — fasting glucose). HOMA-IR was calculated as fasting
insulin (mU/1) X fasting glucose (mmol/1)/22.5. Table 1 describes the charac-
teristics of this sample. The study protocol was approved by the institutional
review board at the University of Maryland School of Medicine, and informed
consent was obtained from each study participant.

Genotyping. Genomic DNA from leukocytes were genotyped using the
Affymetrix GeneChip Mapping 100K array set, which consists of two microar-
ray chips (Xbal and HindIll) (Affymetrix, Santa Clara, CA). Total genomic
DNA (250 ng) was digested with Xbal or HindIll restriction enzymes and
processed according to the Affymetrix protocol. The GeneChip Genotyping
Analysis Software (GTYPE 4.0) was used to generate dynamic modeling
algorithm—derived genotypes that were reanalyzed with the BRLMM (Bayes-
ian RLMM) genotype calling algorithm (confidence threshold of 0.33) to
improve the proportion of heterozygote calls (19). As an initial quality-control
measure, BRLMM-generated chip files with call rates <90% for both enzymes
across all SNPs were excluded. The resulting median call rate across all of the
remaining 419 case-control samples was 97.5% (97.6% for Xbal and 97.4% for
HindIIl). We further removed individual SNPs with genotype call rates <90%,
monomorphic SNPs and SNPs with minor allele frequency < 5%, and those
deviating from Hardy-Weinberg equilibrium in control subjects (P < 0.001).
The number of monomorphic and low-frequency SNPs (n = 26,816) in the
Amish was not appreciably different from that observed in more outbred
Caucasians of the HapMap CEU sample. For this report, we focused our
analysis on the 82,485 autosomal SNPs that passed our quality-control
standards.

The concordance rate for 11 quality-control samples that were run twice on
the Affymetrix GeneChip mapping panel was 97.5%. We also calculated a
cross-platform concordance rate of 98% for 419 samples in which 61 SNPs
were genotyped using the Affymetrix GeneChip Mapping 100K panel and an
independent Illumina 1536-plex GoldenGate assay. Supplementary Table 3
(available in an online appendix at http://dx.doi.org/10.2337/db07-0457) sum-
marizes the quality checks and informativeness of the data.

Association testing and SNP prioritization scheme. Our GWAS analysis
and SNP prioritization scheme is shown in Fig. 1. We selected the SNPs most
highly associated with type 2 diabetes in our Amish case-control dataset based
on P value rankings (P value cutoff <0.01) and then used two complementary
approaches to further prioritize them. In one approach, we evaluated the most
highly type 2 diabetes—associated SNPs for association with diabetes-related
quantitative traits in an expanded set of 427 nondiabetic Amish subjects, 295
of whom were NGT control subjects from the primary type 2 diabetes
association analysis (internal consistency). In a parallel approach, we as-
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Clean GWAS Data: L ¢ p-val
124 T2D cases; 295 NGT controls | ———» owci‘g-{;? nes — l 1,093 SNPs Associated with T2D |
from Amish families BT
82,485 SNPs (MAF > 5%)
l SNP Prioritization |

OGTT Trait Internal Consistency

‘ External in-silico replication |

& T~

2 < 0.01 for either:
glucose trait (FASTG or GAUC) or
insulin trait (IAUC or ISI or HOMA-IR)
132 IGT subjects + 295 same NGT controls

100K GWAS Data (p < (.05)
1) FHS Caucasians
91 cases incident diabetes
2) Mexican-Americans

500K GWAS Data (p < 0.05)
Diabetes Genetics Initiative
(Scandinavian):

287 cases / 316 controls

3) Pima Indians
300 young cases / 334 controls
(including 172 sibships)

1,464 cases / 1,467 controls

38 non-redundant SNPs associated with

}

at least | glucose trait
29 non-redundant SNPs associated with
at least 1 insulin trait

80 non-redundant SNPs associated with
T2D in one scan

3 non-redundant SNPs associated with
T2D in =1 scan

11 SNPs
associated with T2D

FIG. 1. Schematic diagram of analysis and SNP prioritization approach for a 100K type 2 diabetes GWAS in the Amish. FASG, fasting glucose

during an OGTT; FHS, Framingham Heart Study.

sessed replication of the most highly associated type 2 diabetes—associated
SNPs in the Amish in four independent GWASs from other populations
(external replication).

Type 2 diabetes association analysis. We performed case-control associa-
tion analysis using a variance component approach as implemented in SOLAR
software (20). Using a liability threshold model, we modeled the probability
that the individual was a case or control subject as a function of the
individual’s age, sex, and genotype, conditional on the correlations in pheno-
type among relative pairs. Statistical testing was performed using a likelihood
ratio test, in which we compared the likelihood of the data under a model in
which the genotype effect was estimated with the likelihood of a nested model
in which the genotype effect was constrained to be zero. Odds ratios (ORs)
were computed from variance components models. We chose to report the
additive model as our primary analysis. Supplementary analyses using a
dominant or recessive model did not yield any SNP showing genome-wide
significance. Of 82,485 SNPs, 611 had P < 0.01 under a dominant model and
569 had P < 0.01 under the recessive model. Our complete dataset with results
from all models is available online (available at http://www.medschool.umary
land.edw/amishstudies/index.asp). Pairwise linkage disequilibrium (LD) corre-
lation statistics (%) were computed using the Helixtree software, version 5.0.2
(GoldenHelix, Bozeman, MT).

Quantitative trait analysis. For quantitative trait analyses performed in
nondiabetic Amish subjects, we used the measured genotype approach, in
which we estimated the likelihood of an additive genetic model given the
pedigree structure (21). Before analysis, all insulin traits (IAUC, ISI, and
HOMA-IR) were transformed by their natural logarithm to reduce skewness.
Parameter estimates were obtained by maximum likelihood methods, and the
significance of association was tested by the likelihood ratio test. Within each
model, we simultaneously estimated the effects of age and sex. These analyses
were performed using the SOLAR program (20).

Power calculations. Power calculations, based on the genetic power calcu-
lator of Purcell et al. (22), indicated that our sample would provide 80% power
to detect a diabetes susceptibility allele having a genotype relative risk of 1.8
(for allele frequency of 30%, 124 case and 295 control subjects, 8% population
prevalence of diabetes, assuming a multiplicative model) and 80% power to
detect a quantitative trait loci accounting for 4% or higher of the trait variance
for a continuously distributed phenotype (427 subjects).
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In silico replication samples. We considered whether our best type 2
diabetes association signals (P value cutoff <0.01) replicated in at least one of
three distinct populations (Framingham Caucasians, Mexican Americans, and
Pima Indians), each with different study designs but performed using the same
Affymetrix 100K genotyping platform. Descriptions of each of the Type 2
Diabetes 100K GWAS Consortium study populations are provided in accom-
panying articles (23-25) and in supplementary Table 4. We directly checked
whether any of the 1,093 SNPs with the best type 2 diabetes association
signals (P < 0.01) in the Amish were also associated with type 2 diabetes
based on generalized estimating equations and family-based association tests
in the Framingham Heart Study, Fisher’s exact allelic association test in the
Mexican-American study, and case-control and sib-based association tests in
the Pima Indian study. We also utilized publicly available prereleased data
(March 2007) from a type 2 diabetes GWAS carried out in a Scandinavian
cohort of 1,464 type 2 diabetic case and 1,467 matched control subjects and
genotyped using the Affymetrix 500K platform by the Broad-Lund-Novartis
Diabetes Genetics Initiative (DGI) (available at http://www.broad.mit.edu/
diabetes/) (18). We specifically checked replication of 295 of 1,093 of our most
highly type 2 diabetes—associated SNPs that were present on both 100K and
500K Affymetrix genotyping arrays. Since LD structure may differ across
populations, and to limit multiple comparisons, we defined replication only if
the same SNP was associated with type 2 diabetes at P < 0.05 with an OR in
the same direction (i.e., reflective of the same allelic risk).

RESULTS

Following quality-control and Hardy-Weinberg equilibrium
checks, 82,485 informative SNPs were included in our
analyses. The median physical inter-SNP distance was 11.3
kb, and the average distance between SNPs was 29 kb.
Under the additive model, a total of 1,093 SNPs, some of
which were in LD, were associated (P < 0.01) with type 2
diabetes (Fig. 2). The 50 most strongly type 2 diabetes—
associated SNPs (i.e., lowest P values) are shown in Table
2. The complete dataset is available online (available at
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FIG. 2. SNP association P values (<0.01) across all autosomal chromosomes.

http:// www.medschool.umaryland.edu/amishstudies/
afds.asp). No SNP was associated with type 2 diabetes at
a conservative Bonferroni-corrected level. The strongest
association (P = 1.07 X 10~°) was for rs2237457 on
chromosome 7, which is located in intron 4 of growth
factor receptor-bound protein 10 (GrbI10), an adaptor
protein known to regulate signaling of insulin and IGF
receptors (26-28). In addition to Grb10, 15 SNPs were
associated with type 2 diabetes at P < 1 X 10~ * (Fig. 2 and
Table 2). These SNPs are located in or near MSH6
(chromosome 2), PRKG2 (chromosome 4), COL13Al
(chromosome 10), MTHFSD (chromosome 16), and
SPECC1 (chromosome 17), none of which are obvious
candidate genes for type 2 diabetes. Adjustment for BMI
did not have a large impact on the strength of the
associations of these SNPs with type 2 diabetes (Table 2).

As a measure of internal consistency, we tested whether
the 1,093 SNPS associated with type 2 diabetes (P < 0.01)
were also associated with OGTT-derived quantitative traits
in nondiabetic individuals. In these analyses, we consid-
ered two OGTT glucose traits (fasting glucose and GAUC)
and three OGTT insulin traits (IAUC, HOMA-IR, and ISI),
with P < 0.01 as our threshold for significance. Thirty-
eight nonredundant (»* < 0.80) type 2 diabetes—associated
SNPs were also associated with at least one glucose trait
and showed the same allelic association as that for diabe-
tes (i.e., the diabetes risk allele was also associated with
higher glucose levels), while 29 nonredundant type 2
diabetes—associated SNPs were also associated with at
least one insulin-related trait (Fig. 1; Table 3). Of the top 16
SNPs associated with type 2 diabetes at P < 1 X 104
rs2237457 in Grb10 was the only one also associated with
an OGTT trait (P = 0.001 for GAUC). Two perfectly
correlated (#* = 1) type 2 diabetes—associated SNPs in
ADAMTS1 (chromosome 5) (P = 0.004-0.005) were asso-
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ciated with one glucose trait (P = 0.006 for GAUC) and
one insulin trait (P = 0.007 for IAUC).

We next sought to determine which of our 1,093 most
highly type 2 diabetes—associated SNPs were also asso-
ciated with type 2 diabetes in any of three independent
populations for which the same 100K Affymetrix plat-
form was used or in the DGI Scandinavian population
for which the 500K Affymetrix platform was used. We
identified 80 nonredundant SNPs for which the same
risk allele was also associated with type 2 diabetes in
one of the three studies from the Type 2 Diabetes 100K
GWAS Consortium (P < 0.05) and 11 nonredundant
SNPs that showed consistent association in the DGI
sample (P < 0.05) (Fig. 1; supplementary Table 3). In
total, three SNPs demonstrated associations in the
Amish as well as in two independent populations. The
T-allele for rs2540317 in MFSD9 on chromosome 2 was
associated with decreased risk of type 2 diabetes in the
Amish (OR 0.72, P = 0.007) and showed nominal asso-
ciation in the Pima Indian dataset (case-control OR 0.67,
P = 0.042; sib-based OR 0.50, P = 0.043; and summary
OR 0.63, P = 0.016) and also in the Mexican-American
sample (case-control OR 0.75, P = 0.047). The G-allele in
rs105153563 on chromosome 5 was associated with de-
creased risk of type 2 diabetes in the Amish (OR 0.61,
P = 0.005) and also with decreased type 2 diabetes risk
in Mexican-American (0.69, P = 0.035) and DGI (0.79,
P = 0.007) samples. The T-allele in rs2242400 in BCAT1
on chromosome 10 was associated with decreased risk
of type 2 diabetes in the Amish (0.71, P = 0.004) and also
in the Pima Indian dataset (sib-based OR 0.66, P = 0.019;
summary OR 0.78, P = 0.034) and the Mexican-American
dataset (OR 0.67, P = 0.009); borderline association was
also seen in the DGI sample (0.86, P = 0.051). The
direction of effect was the same for all studies.
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TABLE 2
Fifty SNPs most highly associated with type 2 diabetes from Amish GWAS

Case Control  Allele 2 Allele 2 Type 2 Type 2

Chromo- Alleles subjects subjects case control diabetes diabetes

SNP some Position* Genef 1/2 Strand n) subjects  subjects Pi OR§ P (BMI))||
rs2237457 7 50693638 Grb10 A/G - 124 293 0.53 0.68 1.07x 107" 0.61 146 x10°°
15980720 4 82272087 PRKGZ2 A/G - 122 287 0.80 0.90 1.25 X 107° 052 487 x10°°
rs10509199 10 65295820 G/T - 124 295 0.31 0.46 1.68 X 107° 0.62 4.46 X 10°°
151373147 17 20147237 SPECCI AT - 124 293 0.47 0.60 2.79 X 107 0.63 5.26 x 1076
rs4082516 10 71374662 COL13Al C/G - 122 293 0.77 0.88 319X 107° 053 1.27x107°
110509195 10 65193372 A/C - 118 281 0.42 0.28 330X 107 162 T7.1x10°°
rs1395931 2 123535443 A/G + 124 293 0.68 0.58 6.36 X 107 157 290X 107°
rs3136279 2 47871272 MSH6 G/T - 124 294 0.20 0.11 6.81x107° 180 92x107°
rs1446732 2 134374210 G/T - 121 295 0.51 0.37 738X 107° 155 0.0001
rs10485249 6 70161908 C/G + 124 295 0.82 0.92 7.96 X 107°  0.54 0.0004
152703813 17 20055907 SPECCI A/G - 123 285 0.51 0.64 812X 107° 0.64 2.36x107°
rs1916412 10 65340801 C/T - 124 293 0.62 0.49 835X 107° 1.54 0.0002
151916411 10 65340839 C/G - 123 292 0.38 0.51 8.48 X 10—5  0.65 0.0002
rs3751797 16 85124993  MTHFSD AT - 123 285 0.76 0.64 8.74 X 107°  1.60 0.0005
rs930621 2 134418548 C/T + 122 290 0.54 0.41 874X 107° 155 0.0001
110509201 10 65342248 A/G - 123 293 0.62 0.49 8.80 X 107° 153 0.0002
rs2158473 17 20079682 SPECCI C/T + 119 292 0.51 0.39 0.0001 1.54 3.00 X 1077
rs2502497 6 75399083 G/T + 116 279 0.05 0.10 0.0001 0.43 0.0002
rs430123 5 106109632 A/G - 114 272 0.16 0.27 0.0002 0.61 0.0002
110504553 8 75038957 TCEB1 A/G - 115 275 0.77 0.89 0.0002 0.56 0.0003
159287428 2 133912538  FLJ34870 C/T + 124 287 0.83 0.71 0.0002 1.62 0.0002
rs10507601 13 55047379 A/G + 123 294 0.04 0.12 0.0002 0.44 0.0006
1s994952 6 78319674 A/G + 120 287 0.52 0.42 0.0002 1.52 0.0002
rs7604549 2 133923233  FLJ34870 A/G - 123 294 0.26 0.40 0.0002 0.65 0.0002
rs2737245 8 116727757 TRPSI A/C - 113 276 0.58 0.71 0.0002 0.67 0.0003
151513287 3 114754898 SIDT1 A/G + 120 289 0.58 0.44 0.0002 1.49 0.0003
rs7817780 8 119486147 SAMDI2 C/T - 120 294 0.91 0.80 0.0002 1.85 0.0002
1s297765 20 4435111 A/G + 124 295 0.75 0.63 0.0002 1.55 0.0004
rs4410442 3 112434500 AG - 123 294 0.48 0.34 0.0002 1.52 0.0008
rs1351916 2 139479918 AT - 122 288 0.37 0.56 0.0002 0.67 0.0006
rs1507666 2 123532455 AT - 119 285 0.44 0.56 0.0002 0.66 0.0002
1510498934 6 83516566 C/T - 124 293 0.57 0.69 0.0002 0.66 0.0004
15721729 3 174671967 A/G - 119 285 0.43 0.56 0.0002 0.65 0.0002
rs1492908 3 159869201 GFM1 A/G + 122 291 0.20 0.29 0.0002 0.62 0.0004
1510484725 6 78325880 A/G + 124 294 0.19 0.11 0.0002 1.75 0.0002
rs10487440 7 125763796 G/T - 121 284 0.17 0.23 0.0002 0.59 0.0002
1510498881 6 72999327 RIMSI C/G - 121 289 0.88 0.95 0.0002 0.48 0.0019
159317821 13 69008405 C/T - 123 290 0.52 0.64 0.0002 0.67 0.0008
1510487442 7 125850492 A/G + 124 295 0.83 0.76 0.0003 1.68 0.0003
18723397 5 107375942  FBXLI7 C/T + 123 295 0.24 0.36 0.0003 0.65 0.0014
rs6897150 5 165833376 A/G - 123 294 0.26 0.14 0.0003 1.60 0.0003
151458405 6 78321198 G/T - 112 270 0.51 0.40 0.0003 1.54 0.0002
rs10521205 17 12809867 KIAA0672  A/G - 122 292 0.16 0.26 0.0003 0.60 0.0007
rs1023738 3 174685924 C/T - 123 294 0.44 0.55 0.0003 0.67 0.0002
151367313 3 159848232 GFM1 Cc/T - 124 295 0.79 0.71 0.0003 1.57 0.0005
rs10521204 17 12809385  KIAA0672  A/C + 124 293 0.83 0.74 0.0003 1.65 0.0007
152034531 4 137364060 A/G - 123 289 0.80 0.88 0.0003 0.59 0.0006
rs1282090 3 112779804 CD96 A/G + 124 295 0.82 0.68 0.0004 1.58 0.0011
1s9328099 6 2382544 A/G - 122 294 0.74 0.84 0.0004 0.63 0.0004
rs10497567 2 181111709 KIAAI604  A/G + 124 295 0.93 0.85 0.0004 1.98 0.0005

*Genome build 36.1. TGenic region that contains associated SNPs. P values derived using variance components analysis under an additive
genetic model, adjusted for age, sex, and family structure. §OR calculated from a liability threshold model in SOLAR and estimated as allele
2 versus allele 1. ||P values derived using variance components analysis under an additive genetic model, adjusted for age, sex, BMI, and family
structure. Our complete dataset with results from all models are available online (available at http:/www.medschool.umaryland.edu/

amishstudies/index.asp).

Table 4 highlights our most consistent overall findings.
We present 21 type 2 diabetes—associated SNPs in the
Amish (P < 0.005) that also demonstrated either 1)
association with a diabetes-related quantitative trait (P <
0.005) in the Amish or 2) in silico replication of type 2
diabetes association in one independent population (P <
0.005). Of interest, the T-allele in rs3845971 in FHIT was
associated with increased risk of type 2 diabetes in the
Amish (OR 1.42, P = 0.004) and also in Mexican Americans
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(1.46, P = 0.004) and with increased GAUC (P = 4.0 X
10~*) in nondiabetic Amish subjects.

DISCUSSION

In this article, we described the results of a GWAS of type
2 diabetes of 82,485 SNPs in the Old Order Amish, a
genetically closed founder population with a homoge-
neous lifestyle. We reasoned that this population is likely
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TABLE 3

SNPs associated with type 2 diabetes (P < 0.01) and at least one OGTT-derived trait (P < 0.01) in nondiabetic Amish subjects

Type 2 diabetes

OGTT trait analysis

Chromo- Alleles Frequency
SNP some  Position* Genet Strand  1/2 allele 2 Pi OR§  Trait Mean 11| Mean 12|| Mean 22| Pi
1667222 1 55090696 DHCR24 - A/G 0.75 0.005 0.71 GAUC 212.21 199.85 192.58 0.008
156588186 1 66319597 PDE4B - A/G 0.78 0.008 145 GAUC 192.09 185.94 201.07 0.002
rs570021 1 71217978  PTGER3 + AT 0.27 0.007 0.70  TAUC 550.64 613.59 690.13 0.007
rs6424414 1 71228058  PTGER3 + C/T 0.27 0.007 0.70  IAUC 548.85 614.86 683.35 0.007
Fastin;
rs211706 1 75802445  SLC44A5 - A/G 0.08 0.002 0.52 glucos% 2.83 2.74 2.68 0.006
1510493580 1 76277500 LOC729766  + C/G 0.15 0.003 0.60 GAUC 199.25 186.85 189.20 0.005
rs1030414 1 81241030 - C/T 0.07 0.005 051  GAUC 197.22 182.88 154.78 0.003
rs2257963 1 105672501 - C/T 0.61 0.009 0.74  GAUC 208.52 195.36 190.49 0.009
rs1516150 1 105758114 + A/G 0.39 0.010 1.36 GAUC 190.76 195.70 208.75 0.009
rs2576216 1 215202099  ESRRG + A/G 0.16 0.006 0.64 GAUC 200.81 187.83 190.21 0.002
rs2818781 1 215203396  ESRRG + C/T 0.84 0.003 1.61 GAUC 168.17 189.21 201.24 22x 1074
rs2576212 1 215204637  ESRRG - A/G 0.84 0.005 1.58 GAUC 178.70 188.25 200.71 0.001
151343747 1 240794106 + A/C 0.23 0.002 1.43 HOMA-IR 2.22 2.53 2.72 0.002
IAUC 555.29 646.59 694.29 0.002
1510495824 2 34604049 - C/T 0.76 0.008 141 IAUC 677.25 635.10 545.83 0.002
Fastin;
1510490049 2 404268564  SLCSAI - A/C 0.17 0.002 1.54 glucos% 2.79 2.88 2.89 0.001
GAUC 192.09 204.49 216.33 0.001
rs897097 2 55539162 + A/G 0.61 0.001 1.46 HOMA-IR 2.09 2.37 2.49 0.010
rs2540317 2 102716239  MFSD9 - C/T 0.78 0.007 0.72 GAUC 216.62 199.07 189.80 34 x10°*
Fastin
14324336 2 105593460 - AT 0.78 0.005 1.44 glucos% 2.78 2.76 2.85 0.002
rs2321201 2 134136406 - C/T 0.37 0.006 135 IAUC 539.03 627.77 628.08 0.006
Fastin;
1510510530 3 22459609 + AT 0.86 0.003 0.65 glucos% 2.90 2.86 2.79 0.007
13845971 3 59975712 FHIT + C/T 0.72 0.004 142 GAUC 185.46 188.48 203.71 1.0x 1074
151373340 3 66984977 - A/C 0.86 0.007 0.67 HOMA-IR 1.89 2.14 243 0.006
IAUC 529.61 519.62 610.68 0.009
rs2587015 3 147740690 PLSCRI - C/T 0.76 0.007 140 IAUC 751.72 609.81 547.07 0.001
rs2587014 3 147741153  PLSCRI1 + A/G 0.24 0.009 0.72 IAUC 548.12 610.88 743.82 0.001
rs2587012 3 147741360 PLSCRI - G/T 0.24 0.009 0.72 IAUC 549.20 618.96 758.40 4.0 X 1074
Fastin
rs837678 3 191168575 LEPRELI - C/T 0.23 0.007 1.39 glucos% 2.79 2.82 3.02 0.008
rs10517351 4 35352269 - A/G 0.83 0.010 0.71 ISI 0.41 0.47 0.59 0.010
rs4128879 4 162098442 - AG 0.85 0.007 0.67 ISI 1.46 0.62 0.52 0.009
rs10521005 5 33638471 ADAMTS1 - C/T 0.46 0.004 0.74  IAUC 659.01 568.57 550.30 0.007
rs9292501 5 33639167 ADAMTS1 + A/G 0.45 0.005 0.75  GAUC 201.46 197.18 186.88 0.006
IAUC 655.02 570.18 550.12 0.008
rs9292502 5 33639516 ADAMTS1 + A/G 0.46 0.003 0.74  GAUC 201.78 197.24 186.94 0.006
IAUC 661.14 571.39 551.03 0.006
15709668 5 96199942 - C/T 0.28 0.009 0.73 GAUC 201.47 191.03 183.01 0.002
15950664 5 103381835 + C/T 0.62 0.009 135 GAUC 188.26 190.43 20591 14 x10°4
rs990133 5 108073268 + C/T 0.86 0.004 1.58 GAUC 169.38 189.40 197.90 0.006
157720835 5 117269389 + C/T 0.20 0.006 1.41 HOMA-IR 2.26 2.48 3.25 0.002
14365869 5 117282887 - AT 0.79 0.009 0.72 HOMA-IR 3.24 2.46 2.27 0.003
rs1423003 5 147427736  SPINK5 - A/G 0.45 0.004 1.38 HOMA-IR 2.51 2.32 2.12 0.008
rs1862446 5 147460749  SPINK5 + A/C 0.45 0.006 1.37 HOMA-IR 2.50 2.32 2.12 0.009
151422930 5 167330171 ODZ2 + C/T 0.09 0.003 0.52 HOMA-IR 2.27 2.72 145 0.002
rs7770797 6 6566961 LYS6 - C/T 0.43 0.005 0.73 IAUC 536.16 579.90 649.95 0.010
rs10484908 6 108410287 + C/G 0.11 0.009 1563  GAUC 192.64 207.68 212.03 0.001
1510237701 7 8860569 + C/T 0.45 0.009 1.33 ISI 0.67 0.49 0.51 0.008
rs10487563 7 48905713 - C/T 0.23 0.002 0.68 ISI 0.49 0.60 0.80 14x107*
152237457 7 50693638 Grb10 A/G 0.63 1.1 X107® 0.61 GAUC 214.90 197.81 191.93 0.001
1510499761 7 56161137 LOC650200  — A/G 0.75 0.007 142 GAUC 178.50 192.32 201.72 0.001
rs3753107 7 91467087 AKAP9 - C/T 0.77 0.006 0.72 HOMA-IR 2.88 2.50 2.27 0.007
rs10488510 7 91498161 AKAP9 + G/T 0.23 0.006 1.39 HOMA-IR 2.29 2.54 2.76 0.010
rs647055 7 114159262 A/G 0.25 0.007 141 IAUC 551.83 620.21 780.97 3.8 x107*
ISI 0.49 0.65 0.68 0.001
rs10488284 7 119742580 KCND2 - A/G 0.15 0.001 0.60 HOMA-IR 2.49 2.14 2.53 0.003
rs192392 8 53094411 + A/C 0.54 0.004 0.74  IAUC 650.81 600.14 540.14 0.007
rs2450148 8 53112873 - C/T 0.47 0.010 131 IAUC 537.54 580.77 669.94 0.002
rs10504133 8 53152586 + C/T 0.51 0.002 0.72 IAUC 659.06 595.05 525.29 0.001
rs7001645 8 105192526 ~ RIMS2 + C/G 0.44 0.007 1.34 ISI 0.63 0.53 0.46 0.008
rs9297357 8 106211509 - A/G 0.23 0.006 0.68 GAUC 201.81 185.25 199.13 0.001
1510505229 8 115908561 + C/T 0.18 0.002 1.50 GAUC 193.84 200.43 230.74 0.004
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TABLE 3
Continued
Chromo- Alleles Frequency Type 2 diabetes OGTT trait analysis

SNP some  Position* Genef Strand 1/2 allele 2 Pi OR§ Trait  Mean 11| Mean 12| Mean 22| Pt

rs10511574 9 11941204 + A/C 0.09 0.002 1.82 GAUC 193.05 209.84 170.35 0.007
Fasting

rs10511777 9 26773463 - A/G 0.94 0.006 0.53  glucose 3.19 2.92 2.80 0.002

rs10491665 9 29401568 + A/C 0.09 0.006 0.58 GAUC 198.29 185.73 171.34 0.007
Fasting

rs2804498 10 33660713  NRP1 - A/G 0.40 0.001 142  glucose 2.78 2.82 2.89 0.003
Fasting

rs768676 10 44022687 + A/T 0.89 0.002 0.61 glucose 3.00 2.89 280 39x10°*

rs1111803 10 72426094 + c/T 0.55 0.008 0.75  GAUC 208.11 193.50 191.12 0.004

rs2437871 10 90268360 C100rf5 + A/C 0.54 0.003 0.72 ISI 0.47 0.51 0.68 0.001

110509589 10 91804145 - A/C 0.11 0.004 1.61 HOMA-IR 2.34 2.74 2.51 0.010

rs1887979 10 110133240 + A/T 0.41 0.009 0.74  GAUC 201.35 193.00 187.75 0.010

rs10500651 11 5530156 + G/T 0.73 0.006 142 HOMA-IR 2.88 2.46 2.27 0.005

rs7119814 11 107941856 EXPH5 + C/T 0.14 0.007 1.50 ISI 0.58 0.46 0.29 0.008
Fasting

rs10506173 12 39431860 CNTNI + A/G 0.95 0.007 0.55  glucose 2.97 2.91 2.81 0.007
Fasting

rs312272 12 39534200 CNTN1 + C/T 0.69 0.007 1.37  glucose 2.77 2.78 2.86 0.002
Fasting

rs192852 12 39537359 CNTNI - C/T 0.32 0.009 0.74  glucose 2.86 2.77 2.77 0.001
Fasting

rs2289522 12 39616798 CNTNI + C/T 0.55 0.001 146  glucose 2.76 2.81 2.86 0.004
Fasting

rs3794247 12 39646028 CNTNI + A/C 0.57 0.002 142  glucose 2.76 2.81 2.86 0.003

rs10521210 17 12966928 + Cc/T 0.65 0.009 1.34  GAUC 184.59 193.63 199.65 0.009
Fasting

159915220 17 13630703 + A/G 0.95 0.001 2.72  glucose 2.69 2.73 2.83 0.009

rsb30205 18 42639148 + C/T 0.61 0.009 0.76 TIAUC 642.24 605.90 538.52 0.008

152953271 18 47696031 - A/T 0.38 0.002 0.69 GAUC 200.87 195.67 183.77 0.004

rs10502971 18 49141959  DCC + A/G 0.59 0.009 1.34 GAUC 186.36 193.47 203.52 0.001
Fasting

rs615696 18 49946910 MBD2 + C/T 0.79 0.006 0.69  glucose 2.89 2.84 2.78 0.010

15739453 19 40771776 + A/G 0.60 0.005 0.73 IAUC 685.23 586.92 536.51 0.002

rs3745718 19 53406965 CARDS - A/G 0.40 0.010 0.75  GAUC 202.60 193.05 186.48 0.003
Fasting

rs297765 20 4435111 + A/G 0.67 21xX107* 155 glucose 2.74 2.80 2.85 0.004
GAUC 186.37 191.30 203.12 0.001

rs2255140 21 31975858 SFRS15 + c/T 0.87 0.009 1.57 ISI 0.37 0.48 0.60 0.004

SNPs with P < 0.01 for type 2 diabetes associations were tested for consistency in a sample of nondiabetic individuals (295 of whom
overlapped with the type 2 diabetes association dataset). Direction of association for glucose traits was required to be higher for diabetes
risk allele. Neighboring SNPs in bold are in high LD (#* > 0.80). *Genic region that contains associated SNPs. 1P values derived using the
additive genetic model, adjusted for age, sex, and family structure. The complete dataset including results for dominant and recessive models
are available online (available at http:/www.medschool.umaryland.edu/amishstudies/index.asp). §OR calculated from a liability threshold
model for allele 2 versus allele 1. |[Mean values for traits are presented by genotype, with alleles shown in alphabetical order as “1/2.” All

insulin traits (IAUC, HOMA-IR, and ISI) were natural log transformed prior to analysis.

to carry a subset of the same common type 2 diabetes
susceptibility variants as those found in the general pop-
ulation and that these variants might be easier to identify.

GWAS studies are prone to false-positives due to the
very large number of statistical tests that must be per-
formed. We were restricted by our relatively modest
sample size and also computationally in our attempts to
define a genome-wide significance level for which fol-
low-up was justified (i.e., variance components tests were
not feasible for the many replications needed for case-
control permuted family datasets in the Amish). Thus, we
relied heavily on a prioritization of SNPs worthy of fol-
low-up by testing for I) internal consistency of type 2
diabetes—associated SNPs with OGTT-derived quantitative
traits in nondiabetic Amish individuals, 2) external repli-
cation of type 2 diabetes associations in three independent
non-Amish 100K SNP GWAS studies, and 3) external
replication in a 500K SNP GWAS of type 2 diabetes in a
large population of Scandinavians.

DIABETES, VOL. 56, DECEMBER 2007

We found that no single SNP replicated consistently
and in the same direction across all GWAS studies, nor
were all SNPs associated with type 2 diabetes also
associated with quantitative traits in nondiabetic indi-
viduals (supplementary Table 4). This is not particularly
surprising since we expect that an appreciable number
of type 2 diabetes—associated SNPs will be false-posi-
tives. Furthermore, a true susceptibility gene in one
population might not be readily discernible in other
populations due to inadequate sample sizes as well as
differences in genetic background, LD, and environmen-
tal exposures. Similarly, a true susceptibility gene for
type 2 diabetes might not show association with diabe-
tes-related quantitative traits in nondiabetic individuals,
especially since our OGTT-derived traits are only surro-
gates for gold-standard measures of insulin sensitivity
and insulin secretion. Nevertheless, we were able to
identify a number of candidate genes and loci that
showed evidence for association with type 2 diabetes in
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more than one population and/or were also associated
with OGTT-derived quantitative traits. These results are
intriguing but must be interpreted with caution. None of
these loci fall within previously identified linkage re-
gions for type 2 diabetes (chromosomes 1 and 14) in the
Amish.

Our strongest type 2 diabetes association signal in the
Amish was observed on chromosome 7 in a functionally
relevant type 2 diabetes candidate gene, GrbI10. Grbl0
encodes growth factor—binding protein 10 and has been
shown to bind to activated insulin receptor and act as a
negative regulator of insulin action and glucose uptake
(26-28). Overexpression of Grb10 in mice causes postna-
tal growth retardation and insulin resistance (29). Our
100K GWAS contained a total of 12 SNPs in Grb10, 6 of
which were associated with type 2 diabetes (P < 0.05) and
were in partial LD with each other (** = 0.16-0.78).
Rs2237457, located in intron 4, provided the lowest P value
for association (OR 0.61 for the G- vs. A-allele, P = 1.07 X
10~°). This SNP was also strongly associated with OGTT
GAUC in nondiabetic Amish individuals (P = 0.001).
Rs2237457 was not associated with type 2 diabetes in the
other three populations in which this SNP was genotyped
or in the 500K SNP Scandinavian type 2 diabetes GWAS;
however, three SNPs (rs2190496, 1rs2237478, and
rs7805310) in Grb10 that were genotyped in the Scandina-
vian cohort were associated with type 2 diabetes (P =
0.029, P = 0.01, and P = 0.004, respectively) and are in
partial LD with rs2237457 (+* = 0.12-0.49 in HapMap
CEU). Lack of replication could suggest a false-positive or
that variation in Grb10 is a true positive specific to the
Amish due to a founder effect or context-dependent phe-
notypic expression of the variant due to genetic back-
ground or environmental influences. Alternatively, this
variant could be in LD with a functional variant, and
extended LD in the Amish enabled a type 2 diabetes
association to be detected in this population and not the
others.

In a recent report by Di Paola et al. (30), the A-allele of
rs4947710, a synonymous coding SNP in GrbI10, was
associated with decreased risk of type 2 diabetes in a
relatively homogeneous population of Italian Caucasians
(P = 0.0001). This SNP was not part of the 100K SNP panel
nor was our most highly type 2 diabetes—associated SNP
(rs2237457) genotyped in the Italian sample. We found that
rs2237457 and rs4947710 are not in LD (+* = 0) in HapMap
CEU samples. However, rs10486757, another Grb10 SNP
associated with type 2 diabetes in the Amish (P = 0.024),
is in LD with rs4947710 (#* = 0.64 in HapMap CEU).
Further investigation of Grb10 is currently underway.

Our GWAS and replication strategy have several limita-
tions. First, the relatively small sample size limits our
ability to detect gene variants of modest effect size.
Second, we recognize that the definition of external repli-
cation of our top SNPs across three independent 100K
studies of type 2 diabetes might represent a skewed
distribution of the overall results since replication was
limited to our ~1,000 most highly type 2 diabetes—associ-
ated SNPs. This approach was used to facilitate compari-
sons across populations and also to limit the number of
false-positive replications due to multiple comparisons. To
the extent that we attempted to pursue signals that repre-
sent the “lowest hanging fruit,” we believe that the ap-
proach we have taken is reasonable. A formal meta-
analysis of the entire set of data from all four 100K studies
is currently underway. Third, our replication approach
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was focused at the level of the SNP in order to avoid
additional multiple comparisons. However, it is possible
that we did not identify significantly associated SNPs in
other populations that were in LD with our top SNPs.
This is particularly relevant for our comparisons with
the Scandinavian 500K GWAS, for which only 27% of the
SNPs identified in the Amish with P < 0.01 were
identified in the 500K SHP panel.

The likelihood that we missed common variants impor-
tant to type 2 diabetes is high due to the relatively sparse
density of the 100K SNP panel (mean intermarker dis-
tance = 29 kb) compared with other denser GWAS SNP
panels. For example, SNPs in well-replicated genes
(SLC30AS, IGF2BP2, CKDALI, CDKN2A/CKDNZ2ZB, and
HHEX/IDE) found in four recently published type 2 dia-
betes GWAS studies (15-18), as well as previously known
type 2 diabetes—associated variants in TCF7L2, KCNJ11,
HNF4A, or CAPN10 (9), were not adequately covered on
the 100K genotyping panel (i.e., 7* < 0.8 between the SNP
of interest and SNPs on the 100K panel). As a positive
control, we previously demonstrated that TCF7L2 SNP
rs7903146 and the HNF4A promoter SNP rs2425640, nei-
ther of which is present on the 100K panel, were associ-
ated with type 2 diabetes and impaired glucose tolerance
in the Amish Family Diabetes Study (OR 1.57, P = 0.008;
1.60, P = 0.04, respectively) (12,25). Interestingly,
rs10509645 in HHEX on the 100K panel (#* = 0.7 with
rs7923837 found previously to be strongly associated with
type 2 diabetes in other GWAS studies) was significantly
associated with type 2 diabetes in the Amish (OR 1.30 for
the G-allele; P = 0.02). Rs9300039 on chromosome 11,
shown to be associated with type 2 diabetes in the other
GWAS studies (17), was present on the 100K panel but was
not significantly associated with type 2 diabetes in the
Amish (OR 1.09 for the C-allele; P = 0.67).

In summary, we presented results from our initial ex-
amination of a GWAS of type 2 diabetes in the Amish.
Although we did not identify any genes associated with
type 2 diabetes that reached genome-wide significance, we
report a number of genes and loci that are worthy of
further study based on replication in other studies or on
quantitative trait loci consistency. This report (and the
three companion articles) provides a valuable resource for
other investigators to utilize in the search for the patho-
genic variants for type 2 diabetes.
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