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Abstract

African Americans have been understudied in genome wide association studies of diabetes and related traits. In the current
study, we examined the joint association of single nucleotide polymorphisms (SNPs) and copy number variants (CNVs) with
fasting insulin and an index of insulin resistance (HOMA-IR) in the HyperGEN study, a family based study with proband
ascertainment for hypertension. This analysis is restricted to 1,040 African Americans without diabetes. We generated allele
specific CNV genotypes at 872,243 autosomal loci using Birdsuite, a freely available multi-stage program. Joint tests of
association for SNPs and CNVs were performed using linear mixed models adjusting for covariates and familial relationships.
Our results highlight SNPs associated with fasting insulin and HOMA-IR (rs6576507 and rs8026527, 3.7*1027#P#1.1*1025)
near ATPase, class V, type 10A (ATP10A), and the L Type voltage dependent calcium channel (CACNA1D, rs1401492,
P#5.2*1026). ATP10A belongs to a family of aminophospholipid-transporting ATPases and has been associated with type 2
diabetes in mice. CACNA1D has been linked to pancreatic beta cell generation in mice. The two most significant copy
variable markers (rs10277702 and rs361367; P,2.0*1024) were in the beta variable region of the T-cell receptor gene
(TCRVB). Human and mouse TCR has been shown to mimic insulin and its receptor and could contribute to insulin
resistance. Our findings differ from genome wide association studies of fasting insulin and other diabetes related traits in
European populations, highlighting the continued need to investigate unique genetic influences for understudied
populations such as African Americans.
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Introduction

Long term insulin resistance is the major precursor to type 2

diabetes (T2D), a condition which currently affects more than

10% of Americans older than 20 years of age [1,2]. Insulin

resistance is a complex disorder influenced by lifestyle and genetic

factors where the natural hormone, insulin, becomes less effective

at lowering high blood sugar. When a compensatory increase in

insulin secretion does not occur, blood glucose concentrations

increase and set the stage for progression to T2D [3]. While there

are various tests used to detect insulin resistance, fasting insulin

levels and the Homeostasis Model Assessment Insulin Resistance

Index (HOMA-IR) are widely used in population based studies

[4]. Based on these measures, the risk of developing insulin

resistance and subsequent T2D varies between different ethnic

populations and is at least two times greater among African

Americans compared to Caucasians [3].

African Americans have been severely under-represented in

genome wide association studies (GWAS) of T2D and/or related

traits [5]. There is a need for such studies as replicated variants

derived from Caucasian samples have not consistently generalized

to T2D related risk in African Americans [6–8]. This could be due

to different disease pathology with unique genetic risk variants

amongst African Americans or reflect differences in allele

frequencies or patterns of linkage disequilibrium [6,9–11].

Current generation single nucleotide polymorphism (SNP)

genotyping arrays have been designed to assay copy number

variants (CNVs), a type of structural variant which may explain
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additional genetic variability associated with complex human traits

[12,13]. A recent report from the Wellcome Trust Case Control

Consortium questioned the added value of analyzing common

copy number variation (that can be genotyped on existing

platforms) in genome wide studies of SNPs. Specifically, they

identified several CNV loci that are associated with common

disease (including T2D) and showed those CNVs were generally

well tagged by nearby SNPs [14]. However, those conclusions

were based on data from populations of European ancestry. Thus,

it is unclear if CNVs (assayed on existing platforms) are well tagged

by SNPs in African American populations given higher degrees of

recombination and shorter spans of linkage disequilibrium in

comparison to European populations [9].

Methods using the software package Birdsuite have been

developed to concurrently analyze SNP and CNV polymorphisms

assayed on the Affymetrix 6.0 platform [15]. Additionally,

research has effectively shown targeting quantitative traits in

normoglycemic populations in GWAS searches can help identify

genetic determinants of overt disease [16]. Therefore, in this study

we performed joint tests of association between SNPs and CNVs at

the genome-wide level with fasting insulin and HOMA-IR in

1,040 African American participants without diabetes in the

Hypertension Genetic Epidemiology Network (HyperGEN) study.

Methods

Ethics Statement
The study was approved by the University of Alabama at

Birmingham’s Internal Review Board for Human Use, the

Washington University Human Research Production Office, the

University of North Carolina’s Office of Human Research Ethics

and the Medical College of Wisconsin’s Office of Human

Research Protection Program. All subjects provided written

informed consent. The study conforms with the principles outlined

in the Declaration of Helsinki, and all procedures followed were in

accordance with institutional guidelines.

Study Population
Study participants were enrolled in the HyperGEN (Hyperten-

sive Genetic Epidemiology Network) study. HyperGEN is part of

the Family Blood Pressure Program funded by the National Heart

Lung and Blood Institute and was designed to study the genetics of

hypertension and related conditions. Participants were recruited

from multiply-affected hypertensive sibships ascertained through

population-based cohorts or from the community-at-large. The

study was later extended to include siblings and offspring of the

original sibpair. Probands were identified by the onset of

hypertension before age 60 and the presence of at least one

additional hypertensive sibling who was willing to participate.

Participants with type 1 diabetes or advanced renal disease

(defined as serum creatinine level .2 mg/dL) were excluded from

the original study since these two conditions can cause secondary

hypertension and the goal of HyperGEN was to identify novel

essential hypertension loci. Recruitment, cross-sectional clinical

measurement, and DNA isolation were completed in 2003. Two of

four centers (AL, NC) recruited 1,264 African Americans, while

three centers (NC, MN, and UT) recruited Caucasians [17].

Persons reporting treatment with insulin or oral hypoglycemic

agents were excluded from the current study (N = 212).

Laboratory Measures
Insulin measured after at least 8 hours of fasting was recorded

for all participants in HyperGEN. Samples were collected in a

resting state for insulin concentration using an automated

immunoassay instrument (Beckman Coulter, Fullerton, CA,

USA) [18]. HOMA-IR was calculated as (fasting insulin x (fasting

glucose x 0.056))/22.3, with glucose in the units of mg/dL, and

insulin in the units of mIU/L. The measurement of fasting glucose

in HyperGEN has been described [19].

Genotyping
DNA extraction and purification from HyperGEN has been

described in Williams et al. (2000) [17]. Genotyping was performed

using the Affymetrix Genome-Wide Human SNP 6.0 Array

following the Affymetrix defined protocol. Genotypes were called

using Birdsuite, an open-source set of tools developed at the Broad

Institute [15]. Birdsuite is multi-stage analytical framework that

determines allele specific copy number calls at each locus. The

Larry Bird application in Birdsuite generates integrated SNP/CNV

genotype calls ranging from 0–4 copies of each allele.

Quality Control
A total of 909,622 markers were assayed. The median marker

call rate was 99.97%. The overall Mendelian inheritance error

rate was 0.04%. We removed SNPs due to excessive missingness

(.1%; N = 282), low minor allele frequency (,1%; N = 21,875),

or evidence for deviation from Hardy-Weinberg equilibrium in

founders (P,0.0001; N = 15,222). All marker locations are based

on the hg18 reference genome assembly.

While the error rates for SNP genotypes are typically small

(,1%), the corresponding rates for array-based detection of CNV

are considerably larger and dependent on the CNV size and

frequency [15,20]. Thus, we only considered CNVs with

frequency .1% and, based on the Birdsuite developer’s recom-

mendations, confidence values less than 0.1 in this report [15].

Statistical Methods
Genetic admixture can both confound population association

studies [21] or produce spurious results [22–25]. As a proxy for the

degree of global European ancestry, in our African American

population we generated principal components (PCs) from all

872,243 SNPs using Eigenstrat [26]. Based on the examination of

the scree plot [27] (Figure S1) the first four PCs were retained and

used as covariates for all association analyses.

Joint tests of association for allelic and copy number variation

with fasting insulin levels and HOMA-IR were conducted on all

872,243 autosomal SNPs passing quality control thresholds. These

joint models were analogous to that proposed by Korn et al., with

the exception of including random effects for each family [28].

Because it was not computationally feasible to fit a linear model

including random effects for all 872,243 loci, we performed a two-

stage procedure using the genome-wide rapid association using

mixed model and regression (GRAMMAR) approach introduced

by Aulchenko et al [29]. In stage 1, residuals measuring the log-

transform (to achieve normality of residuals) of measures of insulin

resistance were generated via a mixed model after controlling for

relatedness and fixed effect covariates. In terms of the present

study:

beiei~ ln Yið Þ{ baaz
X4

j~1

bqjqj
:PCi,jz bq5q5

:ageiz
bq6q6
:sexizbcici

:familyi

" #
~Y�i

ð1Þ

where, wj ,j~1, . . . ,4 are the fixed effects from the first four

principal components obtained from Eigenstrat to control for

admixture, w5 and w6 are the fixed effects for age and sex, and ci is

{1}
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the family random effect of the ithsubject [26]. Residuals in

equation 1 were obtained from the PROC MIXED procedure in

SASH software, Version 9.2 (SAS, Cary NC). The resulting

residuals (Y�i ) for the ithsubject were then regressed against his or

her allelic and copy number state at each locus in a linear model:

Y�~azb1 A{Bð Þzb2 AzBð Þze: ð9Þ

In equation 2, A is the number of A alleles at the locus, B is the

number of B alleles at the locus, b1 corresponds to an additive

allelic effect, while b2 represents an additive copy number effect.

The joint test involves assessing the null hypothesis,

H0 : b1~b2~0. When either SNP allele or copy number state

is invariant, the model defaults to a single test of either allelic or

copy number effect: b1 = 0 or b2 = 0, respectively. Analyses of the

residuals in equation 2 was performed via lm function using R

version 2.8.0 (R development core team, 2008).

In stage 2, the markers corresponding to the top 1,000 most

significant findings from stage 1 were then re-analyzed using the

full mixed model (for the log-transform of Y) [30]. The full mixed

model used for analysis can be written as:

Y~azb1 A{Bð Þzb2 AzBð Þz
X4

j~1

wj PCj

� �
zw5 Ageð Þzw6 Sexð Þzci familyð Þze

The parameters in equation 3 correspond to those described

above. Models in the second stage were obtained using the lmer

function in R.

The UCSC Genome Browser was used to locate genes within

200 kilobases (kb) up or downstream of loci that were significantly

associated with our phenotypes [31]. The Gene Sorter program

was then used to identify expression patterns, homology and other

information on the identified genes [32].

Results

The mean age of the population was 43.5613 years, the

majority of participants were female (66%) and recruited in

Alabama (79%). The mean fasting glucose in our study population

was 95616 mg/dL (5.260.9 mmol/L). The average fasting

insulin measure was 10.268 mIU/mL (70.8655 pmol/L) and

5% of the study population had fasting insulin surpassing the

upper level of the normal range (3–25 mIU/mL) [33,34]. The

average fasting HOMA-IR was 2.562 (no units).

The first stage of the GRAMMAR procedure conservatively

tests the hypotheses of association [29]. For each outcome the first

stage results obtained for all 872,243 loci were used as a screening

tool to identify possible associations. From these results, the 1,000

markers with the smallest P-values were tested in the second stage.

These markers were fit into the full model described in Equation

{3}. In Table 1 we report the most significant markers derived

from the full model for each outcome. For both fasting insulin and

HOMA-IR the most significant findings were not copy number

variable and the model defaulted to a model of SNP effects.

Detailed results for all markers analyzed in the second stage

analysis are presented in Table S1. Fasting insulin and HOMA-

IR were positively correlated with r = 0.96 and we found several

markers with evidence of association with each trait (Table S1).

Two markers highlighted in Table 1 (rs1401492 and rs6576507)

were among the top results for both traits. Overall, none of the

observed markers reached the typically utilized threshold for

genome-wide significance (P,5*10-8). Nonetheless, our analyses

do highlight some biologically interesting regions with suggestive

evidence of association.

Among the markers we analyzed, 35% were identified as copy

number variable in this dataset. For fasting insulin we identified 13

markers where the CNV effect showed a trend toward significance

(PCNV#9*1024). However, most of these associations were

influenced by CNVs at low frequency in the cohort (,1%).

Results for HOMA-IR were similar. As this is the first GWAS of

insulin resistance in African Americans to include analysis of copy

number variation that we are aware of, we highlight frequent

(.1%) copy variable markers with PCNV#9*1024 in Table 2. The

copy number variable region on Chromosome 7q34 associated

with both outcomes is interesting for follow-up. Two nearby

markers (rs10277702 and rs361367) are informed for copy number

variation by 21 surrounding probes. Both markers correspond to a

deletion present in 23 participants and both CNVs are positively

associated with fasting insulin and HOMA-IR.

Discussion

Using the Affymetrix Genome-Wide Human SNP Array 6.0 we

analyzed the joint effect of SNPs and CNVs with measures of

insulin resistance in 1,040 African American participants from the

HyperGEN study that had no personal history of diabetes. The

majority of GWAS findings to date highlight variants associated

with fasting glucose and diabetes status rather than fasting insulin

and HOMA-IR levels [16,35,36]. We found no evidence of

association of fasting glucose or diabetes related loci from recent

Table 1. Top loci associated with fasting insulin [ln(mIU/mL)]
and HOMA-IR in African Americans without diabetes from
HyperGEN.

Marker{ Chr A1
{/A2 MAF Gene*

% effect
(95% CI) P-Value

Insulin

rs6576507 15 A/G 0.13 ATP10A 14 (8,20) 4*1027

rs8026527 15 A/G 0.13 ATP10A 14 (8,20) 6*1027

rs12655917 5 C/T 0.01 AP3B1 240 (251, 227) 6*1027

rs4819143 21 C/T 0.06 PCBP3 217 (223, 210) 1*1026

rs17431357 12 C/T 0.01 TRIAP1 234 (244, 222) 1*1026

rs2407103 8 C/T 0.09 KCNU1 15 (9,23) 2*1026

rs1401492 3 C/T 0.07 CACNA1D 215 (221, 29) 3*1026

rs591044 22 A/G 0.37 SEZ6L 9 (5,13) 6*1026

rs604459 22 C/T 0.38 SEZ6L 8 (5,12) 8*1026

HOMA-IR

rs7043482 9 G/T 0.19 - 12 (7, 18) 3*1026

rs17589516 6 C/T 0.02 ZFAND3 45 (24, 69) 4*1026

rs9792548 9 C/T 0.15 GAS1 212 (216, 27) 4*1026

rs1401492 3 C/T 0.07 CACNA1D 216 (222, 29) 5*1026

rs16962638 13 C/T 0.11 - 15 (8, 22) 6*1026

rs6576507 15 A/G 0.13 ATP10A 13 (7, 20) 7*1026

rs2407314 8 C/G 0.47 CSMD1 29 (212, 25) 8*1026

{For more detailed information about these markers see Table S1.
{A1 is the modeled and minor allele.
*nearest gene within a 200 kb window on either side of the marker (if gene is
italicized the marker lies in the gene).
doi:10.1371/journal.pone.0024052.t001

{2}

{3}
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GWAS in our study of insulin resistance in African Americans

from HyperGEN. Variants associated with fasting insulin (and

HOMA-IR) with significance at the genome wide level in

European populations include the glucokinase regulatory protein

gene (GCKR) and insulin-like growth factor 1 (IGF1). In our study,

markers in these genes were not associated with fasting insulin or

HOMA-IR (P.0.05) nor did any of our top hits from Table 1

replicate in a large cohort (N.40,000) of persons of European

ancestry from the MAGIC consortium (P.0.2) [16]. While some

loci, e.g., transcription factor 7-like 2 (TCF7L2), are associated

with diabetes and related traits across racial populations, the

majority of studies, including ours, have not replicated risk loci

across these two racial groups [6–8,37].

In agreement with published GWAS [16,35,36] the magnitude

of effect for markers of interest (Table 1) is generally small

[16,35]. However, we found some biologically plausible associa-

tions that approached significance in our study. Among the top

hits shared by both traits are loci (rs6576507, rs8026527) 180 kb

downstream of ATPase, class V, type 10A (ATP10A). ATP10A

belongs to the subfamily of aminophospholipid-transporting

ATPases. One study reported an unusual pattern of maternal

inheritance of the chromosomal region containing the gene (also

referred to as ATP10c) was associated with obesity, T2D, and

nonalcoholic fatty liver disease in mice [38]. The marker

rs1401492 is highlighted in Table 1 for both traits and lies in

intron 3 of the L Type voltage dependent calcium channel

CACNA1D (chr3:53,504,071–53,821,532). CACNA1D has been

shown to be induced by a high fat diet [39] and required for

pancreatic beta cell generation in mice [40]. Other interesting

markers highlighted in Table 1 include rs12655917 and

rs17431357 for fasting insulin just upstream (,6kb) of the beta 1

subunit of the adaptor-related protein complex 3 (AP3B1) and the

of p53-inducible cell-survival factor (TRIAP1), respectively. AP3B1

is involved in the subcellular trafficking of vesicular cargo proteins

[41]. It is lowly expressed in pancreatic islets (where insulin

secreting beta cells reside) and, could play a role in insulin

secretion [32]. TRIAP1 prevents induction of apoptosis and is

expressed in the pancreas and islets. Pancreatic beta-cell death by

apoptosis contributes significantly to both autoimmune type 1

diabetes and type 2 diabetes [42]. Top results for HOMA-IR

include markers near growth arrest specific gene 1 (GAS1) and

CUB and Sushi multiple domains 1 (CSMD1). GAS1 is a cell cycle

inhibiting protein that has been linked to cancer and CSMD1 has

been associated with hypertension and peripheral artery disease in

GWAS of persons of Asian descent [43–45].

The effect size for copy variable markers presented in Table 2
(on the order of 30–40%) is similar to the effect size for SNPs of the

same frequency (MAF 1–2%) from Table 1. The markers

rs10277702 and rs361367, most significantly associated with both

outcomes, lie in the well characterized T-cell receptor beta

variable region (TCRVB, chr7:141,695,793–142,058,637) [46].

The copy number variable regions of T-cell receptors (TCR) have

been sequenced for a variety of autoimmune diseases. One study

reported that TCR from humans with diabetes and non-obese

mice with diabetes mimic insulin and the insulin receptor. These

data could explain how insulin, and its receptor are targets of

autoimmunity in diabetes [47]. This data are interesting for follow-

up given the accumulating evidence of immune system involve-

ment in the pathophysiology of type 2 diabetes [48] and provide a

potential link to the pathology of insulin resistance in African

Americans.

This study population was ascertained on hypertension status

and antihypertensive treatment has been associated with changes

in glucose homeostasis [49]. In our study population, 15%, 25%

and 33% were treated with an ACE inhibitor, calcium channel

blocker and diuretic, respectively, and these variables were

associated with our measures of insulin resistance (P,0.1).

Treatment with a beta blocker or alpha blocker was not associated

with either outcome. Additionally, insulin resistance is strongly

associated with obesity through common pathways such as

inflammation [50]. Thus, we considered models adjusted for body

mass index and the antihypertensive treatments described aiming

to uncover novel findings and/or stronger effects for discovered

variants. The results are presented in Table S2 and largely show

adjusting for these additional factors uncovered association with

many of the same markers as reported in this manuscript (and

Table S1) with decreased significance. For example, rs8026527

and rs6576507, the top hits for fasting insulin (P,6*1027), were

also positively associated with fasting insulin for the fully adjusted

model with P,2*1025.

We implemented the GRAMMAR method for quantitative

traits specific for family data described by Aulchenko et al. [29]

Table 2. Top copy variable loci associated with fasting insulin
[ln(mIU/mL)] and HOMA-IR in African Americans without
diabetes from HyperGEN.

Marker{ Chr
A1

{/
A2 Gene* Effect Freq{ % Effect P-Value

Insulin

rs10277702 7 C/T TCRVB SNP 0.49 21 (24,3) 0.57

CNV 0.02 246
(261, 227)

1*1024

Joint 4*1024

rs361367 7 C/T TCRVB SNP 0.42 0 (24,3) 0.81

CNV 0.02 245
(260, 225)

2*1024

Joint 8*1024

rs12552047 9 C/G - SNP 0.01 225
(236, 212)

3*1024

CNV 0.01 247
(264, 223)

9*1024

Joint 1*1024

HOMA-IR

rs10277702 7 C/T TCRVB SNP 0.49 22 (25, 2) 0.39

CNV 0.02 252
(266, 233)

3*1025

Joint 8*1025

rs361367 7 C/T TCRVB SNP 0.42 21(25, 3) 0.57

CNV 0.02 252
(266, 231)

6*1025

Joint 2*1024

rs13003829 2 A/G ARHGEF4 SNP 0.21 1 (24, 5) 0.77

CNV 0.02 247
(263, 226)

3*1024

Joint 1*1023

rs12509348 4 A/G DCK SNP 0.17 23 (28, 2) 0.25

CNV 0.02 74 (25, 240) 9*1024

Joint 1*1023

{For more detailed information about these markers see Table S1.
{A1 is the modeled/minor allele for which frequency (freq) is reported.
*nearest gene within a 200 kb window on either side of the marker (if gene is
italicized the marker lies in the gene).
doi:10.1371/journal.pone.0024052.t002
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where genetic association is first tested using a screening model.

The screening model included an analysis of genotypes with a set

of residuals derived from a model of the phenotype adjusted for

non-genetic factors. We then re-analyzed the most significant loci

derived from the screening model using the full model adjusted for

genetic and non-genetic factors. Aulchenko et al. [29] reported that

the analysis of the residuals alone for a quantitative trait is

conservative compared to the full model and supported the re-

analysis of the full model for markers that reach a pre-defined

significance threshold. Our results support use of this two-stage

procedure. For example Figure S2 is the Quantile-Quantile (QQ)

plot of observed versus expected P-values from the screening

model for fasting insulin and portrays how the residual models do

not reach the expected significance under the null hypothesis for a

wide range of markers. We chose, a priori, to re-analyze 1,000 loci

with the full model and could have missed interesting markers with

this approach. However, we felt this approach was conducive to

isolate potentially significant loci while preserving computational

efficiency. Finally, this study considered additive models of

inheritance which have been proposed as the most powerful

approach for the purposes of gene discovery in GWAS [51].

Future larger studies of replicated genetic effects may further

interrogate alternate modes of inheritance of risk loci useful for

predictive modeling and/or functional experiments [52].

Genomic studies hold the promise for early identification of risk

for insulin resistance and subsequent progression to type 2

diabetes. To our knowledge, this is the first GWAS of insulin

resistance in an African American population that combines SNP

and CNV data. The markers we identified have not been noted in

GWAS of European populations [16,35]. However, the most

significant SNP and CNV loci highlighted in our study are near

genes (ATP10A, TCRVB) that have been identified as playing a role

in T2D in vivo. We stress the need to replicate these findings in

additional African American cohorts with subsequent functional

experiments to fully characterize replicated effects. In conclusion,

this study highlights several interesting genomic regions associated

with measures of insulin resistance in the understudied African

American population. Future studies are needed to continue to

dissect the genetic architecture of diabetes and related traits in

African Americans.

Supporting Information

Figure S1 Eigenvalues associated with principal com-
ponents generated in Eigenstrat from genetic data on
1,040 African Americans from HyperGEN.

(TIF)

Figure S2 Fasting Insulin Quantile-Quantile (QQ) Plot
generated from the stage 1 analysis screening model.

(TIF)

Table S1 Expanded results for top 1000 loci associated
with fasting insulin [ln(mIU/mL)] and HOMA-IR in
African Americans without diabetes from HyperGEN.
Models are adjusted for age, sex, genetic admixture and family

relationship.

(XLS)

Table S2 Expanded results for top 1000 loci associated
with fasting insulin [ln(mIU/mL)] and HOMA-IR in
African Americans without diabetes from HyperGEN.
Models are extended from Table S1 to be additionally adjusted for

antihypertensive treatment (ACE inhibitor, calcium channel

blocker, diuretic) and BMI.

(XLS)

Acknowledgments

We would like to thank the investigators of the MAGIC consortium for

their collaboration with us concerning this work.

Author Contributions

Conceived and designed the experiments: MRI DKA HKT TKR.

Performed the experiments: UB JP. Analyzed the data: MRI NEW

NMP CCG. Contributed reagents/materials/analysis tools: TKR EKK

KEN JBW BIF NF. Wrote the paper: MRI NEW TKR.

References

1. Schwarz PE, Schwarz J, Bornstein SR, Schulze J (2006) Diabetes prevention–

from physiology to implementation. Horm Metab Res 38: 460–464.

2. Centers for Disease Control and Prevention. (2008) National diabetes fact sheet:

general information and national estimates on diabetes in the United States,

2007. Atlanta, GA, U.S.: Department of Health and Human Services, Centers

for Disease Control and Prevention.

3. Reimann M, Schutte AE, Schwarz PE (2007) Insulin resistance–the role of

ethnicity: evidence from Caucasian and African cohorts. Horm Metab Res 39:

853–857.

4. Laakso M (1993) How good a marker is insulin level for insulin resistance?

Am J Epidemiol 137: 959–965.

5. Elbein SC (2009) Genetics factors contributing to type 2 diabetes across

ethnicities. J Diabetes Sci Technol 3: 685–689.

6. Lewis JP, Palmer ND, Hicks PJ, Sale MM, Langefeld CD, et al. (2008)

Association analysis in african americans of European-derived type 2 diabetes

single nucleotide polymorphisms from whole-genome association studies.

Diabetes 57: 2220–2225.

7. Palmer ND, Goodarzi MO, Langefeld CD, Ziegler J, Norris JM, et al. (2008)

Quantitative trait analysis of type 2 diabetes susceptibility loci identified from

whole genome association studies in the Insulin Resistance Atherosclerosis

Family Study. Diabetes 57: 1093–1100.

8. Waters KM, Stram DO, Hassanein MT, Le Marchand L, Wilkens LR, et al.

(2010) Consistent association of type 2 diabetes risk variants found in europeans

in diverse racial and ethnic groups. PLoS Genet 6.

9. Lambert CA, Tishkoff SA (2009) Genetic structure in African populations:

implications for human demographic history. Cold Spring Harb Symp Quant

Biol 74: 395–402.

10. Chandalia M, Grundy SM, Adams-Huet B, Abate N (2007) Ethnic differences in

the frequency of ENPP1/PC1 121Q genetic variant in the Dallas Heart Study

cohort. J Diabetes Complications 21: 143–148.

11. Elbein SC (2007) Evaluation of polymorphisms known to contribute to risk for

diabetes in African and African-American populations. Curr Opin Clin Nutr

Metab Care 10: 415–419.

12. McCarroll SA (2008) Extending genome-wide association studies to copy-

number variation. Hum Mol Genet 17: R135–R142.

13. Cook EH, Jr., Scherer SW (2008) Copy-number variations associated with

neuropsychiatric conditions. Nature 455: 919–923.

14. Craddock N, Hurles ME, Cardin N, Pearson RD, Plagnol V, et al. (2010)

Genome-wide association study of CNVs in 16,000 cases of eight common

diseases and 3,000 shared controls. Nature 464: 713–720.

15. Korn JM, Kuruvilla FG, McCarroll SA, Wysoker A, Nemesh J, et al. (2008)

Integrated genotype calling and association analysis of SNPs, common copy

number polymorphisms and rare CNVs. Nat Genet 40: 1253–1260.

16. Dupuis J, Langenberg C, Prokopenko I, Saxena R, Soranzo N, et al. (2010) New

genetic loci implicated in fasting glucose homeostasis and their impact on type 2

diabetes risk. Nat Genet 42: 105–116.

17. Williams RR, Rao DC, Ellison RC, Arnett DK, Heiss G, et al. (2000) NHLBI

family blood pressure program: methodology and recruitment in the HyperGEN

network. Hypertension genetic epidemiology network. Ann Epidemiol 10:

389–400.

18. Allauzen S, Mani JC, Granier C, Pau B, Bouanani M (1995) Epitope mapping

and binding analysis of insulin-specific monoclonal antibodies using a biosensor

approach. J Immunol Methods 183: 27–32.

19. Freedman BI, Rich SS, Sale MM, Heiss G, Djousse L, et al. (2005) Genome-

wide scans for heritability of fasting serum insulin and glucose concentrations in

hypertensive families. Diabetologia 48: 661–668.

20. Zhang D, Qian Y, Akula N, Alliey-Rodriguez N, Tang J, et al. (2011) Accuracy

of CNV Detection from GWAS Data. PLoS ONE 6: e14511.

21. Ewens WJ, Spielman RS (1995) The transmission/disequilibrium test: history,

subdivision, and admixture. Am J Hum Genet 57: 455–464.

GWAS of Insulin Resistance in African Americans

PLoS ONE | www.plosone.org 5 August 2011 | Volume 6 | Issue 8 | e24052



22. Deng HW (2001) Population admixture may appear to mask, change or reverse

genetic effects of genes underlying complex traits. Genetics 159: 1319–1323.

23. Halder I, Shriver MD (2003) Measuring and using admixture to study the

genetics of complex diseases. Hum Genomics 1: 52–62.

24. Hoggart CJ, Parra EJ, Shriver MD, Bonilla C, Kittles RA, et al. (2003) Control

of confounding of genetic associations in stratified populations. Am J Hum

Genet 72: 1492–1504.

25. Knowler WC, Williams RC, Pettitt DJ, Steinberg AG (1988) Gm3;5,13,14 and

type 2 diabetes mellitus: an association in American Indians with genetic

admixture. Am J Hum Genet 43: 520–526.

26. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)

Principal components analysis corrects for stratification in genome-wide

association studies. Nat Genet 38: 904–909.

27. Adeyemo A, Gerry N, Chen G, Herbert A, Doumatey A, et al. (2009) A

genome-wide association study of hypertension and blood pressure in African

Americans. PLoS Genet 5: e1000564.

28. Zhang Z, Ersoz E, Lai CQ, Todhunter RJ, Tiwari HK, et al. (2010) Mixed

linear model approach adapted for genome-wide association studies. Nat Genet

42: 355–360.

29. Aulchenko YS, de Koning DJ, Haley C (2007) Genomewide rapid association

using mixed model and regression: a fast and simple method for genomewide

pedigree-based quantitative trait loci association analysis. Genetics 177:

577–585.

30. Bates D, Maechler M, Dai B (2008) lme4: linear mixed-effects models using S4

classes. R package version 0.999375-28.

31. Pevsner J (2009) Analysis of genomic DNA with the UCSC genome browser.

Methods Mol Biol 537: 277–301.

32. Kent WJ, Hsu F, Karolchik D, Kuhn RM, Clawson H, et al. (2005) Exploring

relationships and mining data with the UCSC Gene Sorter. Genome Res 15:

737–741.

33. Zeno SA, Deuster PA, Davis JL, Kim-Dorner SJ, Remaley AT, et al. (2010)

Diagnostic criteria for metabolic syndrome: caucasians versus African-Ameri-

cans. Metab Syndr Relat Disord 8: 149–156.

34. Neal JM, Han W (2008) Insulin immunoassays in the detection of insulin

analogues in factitious hypoglycemia. Endocr Pract 14: 1006–1010.

35. De Silva NM, Frayling TM (2010) Novel biological insights emerging from

genetic studies of type 2 diabetes and related metabolic traits. Curr Opin Lipidol

21: 44–50.

36. Doria A, Patti ME, Kahn CR (2008) The emerging genetic architecture of type 2

diabetes. Cell Metab 8: 186–200.

37. Palmer ND, Hester JM, An SS, Adeyemo A, Rotimi C, et al. (2011)

Resequencing and analysis of variation in the TCF7L2 gene in African

Americans suggests that SNP rs7903146 is the causal diabetes susceptibility

variant. Diabetes 60: 662–668.
38. Dhar MS, Sommardahl CS, Kirkland T, Nelson S, Donnell R, et al. (2004) Mice

heterozygous for Atp10c, a putative amphipath, represent a novel model of

obesity and type 2 diabetes. J Nutr 134: 799–805.
39. Dreja T, Jovanovic Z, Rasche A, Kluge R, Herwig R, et al. (2010) Diet-induced

gene expression of isolated pancreatic islets from a polygenic mouse model of the
metabolic syndrome. Diabetologia 53: 309–320.

40. Namkung Y, Skrypnyk N, Jeong MJ, Lee T, Lee MS, et al. (2001) Requirement

for the L-type Ca(2+) channel alpha(1D) subunit in postnatal pancreatic beta cell
generation. J Clin Invest 108: 1015–1022.

41. Dell’Angelica EC, Ohno H, Ooi CE, Rabinovich E, Roche KW, et al. (1997)
AP-3: an adaptor-like protein complex with ubiquitous expression. EMBO J 16:

917–928.
42. Johnson JD, Luciani DS (2010) Mechanisms of pancreatic beta-cell apoptosis in

diabetes and its therapies. Adv Exp Med Biol 654: 447–462.

43. Hong KW, Go MJ, Jin HS, Lim JE, Lee JY, et al. (2010) Genetic variations in
ATP2B1, CSK, ARSG and CSMD1 loci are related to blood pressure and/or

hypertension in two Korean cohorts. J Hum Hypertens 24: 367–372.
44. Koriyama H, Nakagami H, Katsuya T, Sugimoto K, Yamashita H, et al. (2010)

Identification of evidence suggestive of an association with peripheral arterial

disease at the OSBPL10 locus by genome-wide investigation in the Japanese
population. J Atheroscler Thromb 17: 1054–1062.

45. Martinelli DC, Fan CM (2007) The role of Gas1 in embryonic development and
its implications for human disease. Cell Cycle 6: 2650–2655.

46. Iafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, et al. (2004)
Detection of large-scale variation in the human genome. Nat Genet 36:

949–951.

47. Root-Bernstein R (2009) Autoreactive T-cell receptor (Vbeta/D/Jbeta)
sequences in diabetes are homologous to insulin, glucagon, the insulin receptor,

and the glucagon receptor. J Mol Recognit 22: 177–187.
48. Brooks-Worrell B, Palmer JP (2011) Is diabetes mellitus a continuous spectrum?

Clin Chem 57: 158–161.

49. Cooper-DeHoff RM, Pacanowski MA, Pepine CJ (2009) Cardiovascular
therapies and associated glucose homeostasis: implications across the dysglyce-

mia continuum. J Am Coll Cardiol 53: S28–S34.
50. Gregor MF, Hotamisligil GS (2011) Inflammatory mechanisms in obesity. Annu

Rev Immunol 29: 415–445.
51. Salanti G, Zeggini E, Ioannidis JP (2010) Three Authors Reply. American

Journal of Epidemiology 171: 1155–1156.

52. Salanti G, Southam L, Altshuler D, Ardlie K, Barroso I, et al. (2009) Underlying
genetic models of inheritance in established type 2 diabetes associations.

Am J Epidemiol 170: 537–545.

GWAS of Insulin Resistance in African Americans

PLoS ONE | www.plosone.org 6 August 2011 | Volume 6 | Issue 8 | e24052


