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Abstract

The prevalence of type 2 diabetes (T2D) is greater in populations of African descent compared to
European-descent populations. Genetic risk factors may underlie the disparity in disease
prevalence. Genome-wide association studies (GWAS) have identified >60 common genetic
variants that contribute to T2D risk in populations of European, Asian, African, and Hispanic
descent. These studies have not comprehensively examined population differences in cumulative
risk allele load. To investigate the relationship between risk allele load and T2D risk, 46 T2D
single nucleotide polymorphisms (SNPs) in 43 loci from GWAS in European, Asian, and African
derived populations were genotyped in 1,990 African Americans (n=963 T2D cases, n=1,027
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controls) and 1,644 European Americans (n=719 T2D cases, =925 controls) ascertained and
recruited using a common protocol in the southeast United States. A genetic risk score (GRS) was
constructed from the cumulative risk alleles for each individual. In African American subjects,
risk allele frequencies ranged from 0.024 to 0.964. Risk alleles from 26 SNPs demonstrated
directional consistency with previous studies, and 3 SNPs from ADAMTS9, TCF7L2, and
ZFANDG showed nominal evidence of association (p<0.05). African American individuals carried
38-67 (53.7 £ 4.0, mean £ SD) risk alleles. In European American subjects, risk allele frequencies
ranged from 0.084 to 0.996. Risk alleles from 36 SNPs demonstrated directional consistency, and
10 SNPs from BCL11A, PSMD6, ADAMTSO, ZFAND3, ANK1, CDKN2A/B, TCF7L2, PRC1,
FTO, and BCARL showed evidence of association (p<0.05). European American individuals
carried 38-65 (50.9 *+ 4.4) risk alleles. African Americans have a significantly greater burden of
2.9 risk alleles (p=3.97x10789) compared to European Americans. However, GRS modeling
showed that cumulative risk allele load was associated with risk of T2D in European Americans,
but only marginally in African Americans. This result suggests that there are ethnic-specific
differences in genetic architecture underlying T2D, and that these differences complicate our
understanding of how risk allele load impacts disease susceptibility.
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Introduction

Complex diseases, such as T2D, are influenced by a combination of genetic, lifestyle, and
environmental risk factors (Qi et al. 2008; Lyssenko et al. 2008). In the United States, age-
adjusted prevalence of diabetes is disproportionately greater among African American adults
as compared to European Americans (12.6% vs. 7.1%) (Centers for Disease Control and
Prevention 2012). The greater risk in African Americans persists even after adjustment for
known environmental risk factors such as body mass index (BMI), physical activity, and
socioeconomic status (Harris et al. 1998; Maskarinec et al. 2009; Cheng et al. 2012). In
addition to lifestyle and environmental risks, genetic factors may contribute to the disparity
in disease prevalence in African Americans. Genetic variation at T2D risk loci has been
extensively characterized in populations of European descent, and less comprehensively in
populations of African, Hispanic, East Asian, and South Asian descent. While heterogeneity
in genetic architecture underlying T2D may exist between African Americans and European
Americans, some recent evidence suggests that many T2D risk variants exhibit a consistent
direction of effect across ethnicities (Waters et al. 2010; Haiman et al. 2012). It is unclear
whether differences exist in cumulative risk allele loads between different populations which
may partly explain ethnic disparities in T2D prevalence. We examined differences in
cumulative risk allele load in African American and European American T2D cases and
non-diabetic controls ascertained and examined in a common setting in a geographically
defined region in an effort to provide a clear comparison of the allele loads.
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Research Design and Methods

Subjects

Recruitment and sample collection procedures were approved by the Institutional Review
Board at Wake Forest School of Medicine and written informed consent was obtained from
all study participants. Case subjects consisted of unrelated individuals either without (T2D-
only cases) or with end-stage renal disease (T2D-ESRD cases). A total of 1,990 African
Americans (n=963 T2D-ESRD cases, n=1,027 controls) and 1,644 European Americans
(n=151 T2D-only cases, n=568 T2D-ESRD cases, n=925 controls) were assessed. European
Americans who have >9% African ancestry (n=10) were excluded from the analysis (Cooke
et al. 2012a). T2D was diagnosed in case subjects who reported developing T2D after the
age of 25 years and who did not receive only insulin therapy since diagnosis. In addition,
T2D-ESRD cases had to have at least one of the following three criteria for inclusion: (i)
T2D diagnosed at least 5 years before initiating renal replacement therapy, (ii) background
or greater diabetic retinopathy and/or (iii) =100 mg/dl proteinuria on urinalysis in the
absence of other causes of nephropathy. Control subjects included unrelated individuals
without a current diagnosis of diabetes or renal disease. All subjects were recruited from the
southeastern United States. Detailed ascertainment and recruitment criteria have been
previously described (Yu et al. 1998; Freedman et al. 2000; Sale et al. 2004; Bento et al.
2008; McDonough et al. 2011; Palmer et al. 2012). African American subjects selected for
this study are a subset of individuals from previous studies with available GWAS data
(Cooke et al. 2012b; Ng et al. 2013).

SNP Selection

We selected SNPs from T2D risk loci with prior evidence of association (p<5%1078) in
GWAS of European, African American, and other ethnicities (Steinthorsdottir et al. 2007;
Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University, and
Novartis Institutes of BioMedical Research et al. 2007; Zeggini et al. 2007; Wellcome Trust
Case Control Consortium 2007; Zeggini et al. 2008; Unoki et al. 2008; Timpson et al. 2009;
Takeuchi et al. 2009; Rung et al. 2009; Tsai et al. 2010; Voight et al. 2010; Qi et al. 2010;
Shu et al. 2010; Yamauchi et al. 2010; Cui et al. 2011; Sim et al. 2011; Parra et al. 2011;
Kooner et al. 2011; Palmer et al. 2012; Cho et al. 2012; Perry et al. 2012; Huang et al. 2012;
Imamura et al. 2012; Morris et al. 2012; Ng 2013). Linkage disequilibrium (LD) was
examined in HapMap Il CEU and YRI populations using SNAP (Johnson et al. 2008). For
loci with multiple associated SNPs reported, SNPs were binned at r2>0.5 in HapMap I YRI
population (release 22). In each bin, the SNP with the strongest evidence of association in
the published literature was included in the analysis. Two independent SNPs were observed
at 3 loci (CDKAL1, HHEX, and HNF1A). Of 93 selected SNPs, 22 were removed after LD
pruning and 9 were removed for failed imputation in African American subjects. In
European American subjects, 48 of 62 SNPs were successfully designed using Sequenom,
and 2 SNPs failed genotyping quality control. A total of 46 SNPs in 43 T2D risk loci
remained in both African Americans and European Americans for subsequent analyses.
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Genotyping, imputation, and quality control

Genotyping in the European Americans was performed using the MassARRAY SNP
Genotyping System (Sequenom Inc., San Diego, CA) as previously described (Buetow et al.
2001). Primers for PCR amplification and extension reactions were designed using the
MassARRAY Assay Design Software (Sequenom). DNA samples were diluted to a final
concentration of 5 ng/ul, and single-base extension reaction products were separated and
scored using a matrix-assisted laser desorption ionization/time of flight mass spectrometer.
Thirty-three blind duplicates were included in genotyping and had a concordance rate of
100%. SNPs had an average genotype call rate of 98.65% and Hardy-Weinberg p-values
were >0.005 in all subjects.

Genotype data for African Americans was derived from (i) a GWAS using the Affymetrix®
Genome-Wide Human SNP Array 6.0 (Affymetrix® Inc., Santa Clara, CA) (n=26 SNPs) or
(if) GWAS imputed data (n=20 SNPs). Genotyping was performed at the Center for
Inherited Disease Research (CIDR). Genotypes were called using Birdseed version 2; APT
1.10.0 by grouping samples by DNA plate to determine the genotype cluster boundaries. To
evaluate genotyping accuracy, 46 blind duplicates were included in genotyping and had a
concordance rate of 99.59%. All genotyped SNPs passed quality controls with a genotype
call rate =295%, Hardy-Weinberg p-values =0.0001 in cases and =0.01 in controls, no
significant difference in missing data rate between cases and controls, and were
polymorphic. Imputation was performed using MACH (version 1.0.16, http://
www.sph.umich.edu/csg/abecasis/MaCH/) to obtain missing genotypes and replace
genotypes inconsistent with reference haplotypes. SNPs that passed quality control and had
a minor allele frequency (MAF) >1% were used for imputation. A 1:1 HapMap 11 (NCBI
Build 36) CEU:YRI (European:African) consensus haplotype was used as reference.
Imputed SNPs that had MAF =1%, minor allele count (MAC) =10, and RSQ =0.5 were
included in subsequent data analyses. Detailed genotyping and imputation methods have
been previously described (Palmer et al. 2012; Ng et al. 2013).

Principal Components Analysis

For African American subjects, principal components (PC) was computed as previously
described (Palmer et al. 2012). The first PC was highly correlated (r?=0.87) with global
African-European ancestry as measured by FRAPPE(Tang et al. 2005), was the only PC that
accounted for substantial genetic variation at 22%, and was used as a covariate in single-
SNP association and GRS analyses to adjust for African American population substructure.

Association Analysis

The association of genotyped and imputed SNPs with T2D was evaluated under an additive
model adjusted for age, gender, and the first PC (African American subjects only) separately
in African American and European American subjects. Association tests were performed
using logistic regression in PLINK (http://pngu.mgh.harvard.edu/purcell/plink).

Genetic Risk Score Analysis

Genetic risk scores (GRS), both unweighted and weighted by published effect size, were
calculated for each individual. The unweighted GRS was calculated by counting the number
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of risk alleles for a given individual. The weighted GRS was calculated by first multiplying
the count of risk alleles for each individual at each SNP by the log of the published odds
ratio and then summing this weighted value for all SNPs in the analysis for each individual.
Missing genotypes for a given SNP were replaced with the average number of risk alleles
across all samples within each ethnicity. The association of GRS with both T2D and age at
diagnosis of T2D was evaluated under an unadjusted regression model (Model 1) and a
regression model adjusted for age, gender, BMI, and the first PC (African American subjects
only; Model 2) separately in African American and European American subjects.

Comparison of Genetic Risk Distributions

Results

The total number of risk alleles for each individual (i.e. the unweighted GRS) was used to
model the distribution of risk allele load in each population. Risk allele load distributions in
African Americans and European Americans were compared using a two sided t-test and by
analysis of variance (SAS 9.3, Cary, NC).

Characteristics of study sample

The characteristics of case and control subjects by ethnicity are shown in Table 1. Mean age
ranged from 49.0 (African American controls) to 64.9 years (European American cases).
Compared to European Americans, the proportion of men was greater in African American
controls and lower in cases. Mean body mass index (BMI) and weight were similar between
cases and controls in both ethnicities.

Association of established T2D risk SNPs

The 46 T2D risk SNPs from 43 loci were polymorphic in both ethnicities, and a summary of
the association analysis with T2D is shown in Table 2. The majority (n=35) of these SNPs
were discovered in populations of European descent. Reported odds ratios (OR) for the risk
alleles ranged from 1.06 to 1.54 In African American subjects, nominal evidence of
association (p<0.05) was observed with 3 SNPs from ADAMTS9, TCF7L2, and ZFAND6
(3/46 SNPs; binomial p=0.41). In European American subjects, nominal evidence of
association (p<0.05) was observed with 10 SNPs from BCL11A, PSMD6, ADAMTS9,
ZFAND3, ANK1, CDKN2A/B, TCF7L2, PRC1, FTO, and BCARL1 (10/46 SNPs; binomial
p=7.6x1079).

Compared to the null expectation that half of the previously reported risk alleles to show the
same direction of association (OR>1), our study observed significant directional consistency
in European American subjects (36/46 SNPs; binomial p=7.8x107°) but not in African
American subjects (26/46 SNPs, binomial p=0.23).

Comparison of Risk Allele Load

Risk allele load was used to compare the distribution of genetic risk between populations
(Table 3, Figures 1 and 2, Supplementary Figure 1). African Americans had an average risk
allele load of 53.7 + 4.0 risk alleles compared to 50.9 + 4.4 risk alleles in European
Americans. African Americans carry, on average, 2.9 risk alleles more than their European
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American counterparts. This increase causes the distribution of genetic risk to be right-
shifted in African Americans compared to European Americans (p=3.97x1078%; two sided t-
test). To take into account the confounding effects of gender, age, BMI, and population
substructure on differences in risk allele load between African Americans and European
Americans, several analysis of variance (ANOVA) models were constructed. Adjustments
for age, gender, and BMI did not change the inference of mean difference in risk allele load
(p=3.2x10772). A subset analysis further excluding African American individuals with a low
degree of African ancestry (PC1<0.5, n=100) did not change the result (p=5.0x10"1). In
European Americans, T2D-ESRD cases did not have a significant mean difference of risk
alleles compared to T2D-only cases (p=0.72; two sided t-test).

Genetic risk score association with T2D and T2D age at diagnosis

Both unweighted and weighted GRS incorporating all 46 SNPs were analyzed for
association with T2D and with age at diagnosis of T2D as outlined in the methods.
Unweighted scores ranged from 38 to 67 (53.7 £ 4.0, mean + SD) in African Americans and
38 t0 65 (50.9 + 4.4) in European Americans. Effect sizes ranged from 0.06 to 0.43 (0.13 +
0.08, Supplementary Table 1). Weighted scores ranged from 4.30 to 9.03 (6.91 £ 0.01) in
African Americans and 4.40 to 8.83 (6.54 £ 0.02) in European Americans. Unweighted GRS
was significantly associated with T2D in an unadjusted model in European Americans, with
each risk allele increasing T2D risk by 6-8%. However, no significant association was
observed in African Americans (Table 4). These results remained consistent when the model
was adjusted for age, gender, BMI, and population substructure (African Americans only)
(Table 4). Weighted GRS showed nominal evidence of association with T2D in African
Americans (p=0.03); however, the association was lost when the model was adjusted for
age, gender, BMI and population stratification (p=0.08) (Table 4). The association of
weighted GRS with T2D in European Americans was consistent with the unweighted GRS
results. Per-allele odds ratio estimates were greater for European Americans in both
weighted and unweighted models (OR=1.06-1.69) compared to African Americans
(OR=1.01-1.17) (Table 4). No association of GRS with T2D age at diagnosis was observed
in either population in either the weighted or unweighted models (Supplementary Table 2).

An additional GRS analysis restricted to the 21 SNPs that were directionally consistent with
published results in both our African American and European American subjects did not
change the inference of a greater odds ratio estimate in European Americans
(Supplementary Table 3). Although per-allele odds ratio estimates were marginally greater
for African Americans (OR=1.05-1.13) compared to European Americans (OR=1.04-1.11)
in an unadjusted, unweighted model, estimates were higher in European Americans in
subsequent models 1) adjusted for age, gender, BMI and population stratification, 2)
incorporating a GRS weighted by the log of the published odds ratio, or 3) both. Again, no
association of GRS with T2D age at diagnosis was observed in either population in any of
the models.
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Discussion

We evaluated 46 T2D risk SNPs from 43 loci identified in populations of European, Asian,
or African descent. Our results show that the majority of these SNPs exhibit a consistent
direction of effect in both African American and European American populations. A
significant proportion of these SNPs were nominally associated with T2D in European
Americans, but to a much more limited extent in African Americans. A comparison of risk
allele load distributions shows that African Americans carry a greater load of T2D risk
alleles. However, modeling of cumulative risk scores suggests that per allele effect estimates
are relatively smaller compared to European Americans, and that association between the
cumulative risk score and T2D is stronger in European Americans. Given these results, it is
unclear whether the common risk variants examined in this study account for a portion of
the observed disparity in T2D prevalence between these populations. Subsequent analyses
including the major non-genetic influences of age, gender, and BMI do not support the
relationship between genetic risk factors and ethnic disparities in T2D prevalence.

Several studies have examined the use of GRS to predict risk of T2D. In a previous study by
Meigs et al., a GRS incorporating 18 common T2D risk variants was modestly but
significantly associated (OR=1.12 per risk allele [95% CI 1.07-1.17]; p=0.01) with risk of
diabetes in individuals of European descent, and this association was robust against
adjustment for non-genetic risk factors (2008). In the Diabetes Prevention Program (DPP), a
GRS integrating 34 T2D risk variants was more modestly associated (hazard ratio
[HR]=1.02 per risk allele [95% CI 1.00-1.05]; p=0.03) with risk of progression to diabetes
in a prospective, multi-ethnic cohort in an analysis adjusted for ancestry, lifestyle, and
environmental risk factors (Hivert et al. 2011). In the Cooke et al. study of African
Americans, a modest association (OR=1.06 [1.03-1.10], p=8.10x107°) was observed
between a GRS including 17 T2D risk variants and risk of diabetes, but the association was
lost when the analysis was adjusted for the genotypic effects of the TCF7L2 risk variant
rs7903146 (2012). Considering the increased haplotype diversity and different linkage
disequilibrium structure in African-derived populations, common variants identified in
primarily European studies are likely not the best predictors of diabetes risk in African
Americans (Lewis et al. 2008). The identification of causal variants in T2D risk loci will be
required to provide a clear picture of differences in risk allele load between African
American and European American populations. Moreover, large longitudinal studies
examining the discriminatory power of cumulative genetic risk factors for predicting disease
risk as well as phenotypic associations of biochemical and anthropometric traits correlated
with disease may be necessary to demonstrate a causal link between cumulative genetic risk
and ethnic-specific differences in T2D prevalence.

A recent trans-ethnic T2D GWAS meta-analysis showed that 34 of 52 previously reported
T2D SNPs (65.4%) showed the same direction of effect across European, East Asian, South
Asian, and Mexican American populations (DIAbetes Genetics Replication And Meta-
analysis (DIAGRAM) Consortium et al. 2014). In our study, 21 of 46 tested SNPs (45.7%)
were directionally consistent with published GWAS results and between African Americans
and European Americans (Table 2). This result suggests that differences in the genetic
architecture of T2D are greater between African Americans and European Americans than
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among other ethnic groups. However, it should be noted that our study focused on genetic
burden, not transferability, and thus previously reported GWAS signals were not fine-
mapped in either of our study populations to truly examine trans-ethnic directional
consistency.

A limited number of studies have examined ethnic-specific differences in genetic risk of
diabetes. In the study by Waters et al., a GRS incorporating 18 common T2D risk variants
was associated with risk of diabetes in both African Americans (n=1,077 cases, 1,469
controls, OR=1.09 per risk allele [95% CI 1.05-1.12]; p=3.0x105) and European
Americans (n=533 cases, 1,006 controls, OR=1.11 per risk allele [95% CI 1.06-1.17];
p=1.2x107°) in an analysis adjusted for gender and quartiles of age and BMI, but no
significant difference in risk allele load was observed between the two groups (2010). In the
study by Haiman et al., a significant association between established T2D risk variants at
five loci (WFSL, HHEX, CDNK2A/B, THADA, and KCNQZ1) and risk of diabetes was
detected in European Americans, but not in African Americans even though the study power
was high (= 94% for all variants) (2012). This result suggests that heterogeneity in risk allele
frequencies, effect size, and linkage disequilibrium between the established risk variant and
the causal allele exists at some fraction of T2D risk loci.

This study had limitations. First, the 46 SNPs included in our analysis explain only a small
proportion of T2D heritability. We did not account for exposure to epigenetic factors,
structural variants, rare variants, gene-gene interactions, or gene-environment interactions,
all of which may modify genetic risk and explain a proportion of the missing heritability.
Additionally, we adjusted our analyses only for major phenotypic risk factors. Behavioral
risk factors may modify an individual’s susceptibility to genetic risk of disease and to some
degree explain the disparity in T2D prevalence between African Americans and European
Americans. Finally, significant associations of individual SNPs with risk of T2D were
scarce, but this result was expected considering the relatively small number of cases and
controls used for this study as compared to the initial discovery populations.

In summary, African Americans carry a greater number of risk alleles at 46 established T2D
risk loci than European Americans. Cumulatively, these variants are strong predictors of
diabetes risk in European Americans, but poor predictors in African Americans. Differences
in genetic variation between ethnicities create a complex pattern which complicates drawing
clear conclusions regarding the relationship between genetic risk factors and ethnic
disparities in T2D prevalence. Our results emphasize the need for further study of genetic
variation underlying T2D in African Americans as a means to improve the overall quality of
genetic research of this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Comparison of risk allele distributions by ethnicity. African Americans (AA, light grey)
show a highly significant mean increase in risk allele load compared to European Americans
(EA, dark grey). *p=3.96x10789
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Comparison of risk allele distributions by ethnicity and case-control status. African
American T2D cases (AA_cases, light grey) show a highly significant mean increase in risk
allele load compared to European American T2D cases. (EA_cases, dark grey). African
American controls (AA_controls, light grey) show a highly significant mean increase in risk
allele load compared to European American controls. (EA_controls, dark grey).
*p=4.21x10728; **p=3,09x10~64
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Table 1

Descriptive characteristics of diabetes case and control subjects?

Characteristic African Americans European Americans
Cases Controls Cases Controls
Number 963 1027 719 925
Male (%) 38.8 42.7 46.3 36.8
Age (years) 61.6+104 | 49.0+119 | 64.9+103 | 53.9+155
Ageat diagnosis (years) | 41.8+12.3 - 46.7£13.2 -
BMI (kg/m?) 29770 300+7.1 30.1+7.3 28.4+5.7
Weight (Ibs) 186 + 46 190 + 44 190 + 47 179 + 40

a
Data are shown as mean + SD or percentage
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Association of risk score with T2D by ethnicity

Table 4

African Americans

European Americans

OR (95% Cl) | P-value | OR(95% CI) | P-value
Unweighted
Model 12 | 1.01(0.99-1.04) | 0.29 1.06(1.04-1.09) | 2.13E-07
Model 2P | 1.01(0.99-1.04) | 0.36 1.08(1.05-1.11) | 1.05E-07
Weighted
Model 18 | 1.17(1.01-1.35) | 0.03 1.59(1.36-1.88) | 1.71E-08
Model 2P | 1.16(0.98-1.38) | 0.08 1.69(1.39-2.06) | 1.65E-07

aModel 1 is unadjusted

bModel 2 is adjusted for age, gender, BMI and PC1 (African Americans only)
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