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Abstract
Aims/hypothesis Hyperglycaemia disproportionately affects
African-Americans (AfAs). We tested the transferability of
18 single-nucleotide polymorphisms (SNPs) associated with
glycaemic traits identified in European ancestry (EuA) pop-
ulations in 5,984 non-diabetic AfAs.

Methods We meta-analysed SNP associations with fasting
glucose (FG) or insulin (FI) in AfAs from five cohorts in the
Candidate Gene Association Resource. We: (1) calculated
allele frequency differences, variations in linkage disequi-
librium (LD), fixation indices (Fsts) and integrated haplo-
type scores (iHSs); (2) tested EuA SNPs in AfAs; and (3)
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interrogated within ±250 kb around each EuA SNP in
AfAs.
Results Allele frequency differences ranged from 0.6% to
54%. Fst exceeded 0.15 at 6/16 loci, indicating modest
population differentiation. All iHSs were <2, suggesting
no recent positive selection. For 18 SNPs, all directions of
effect were the same and 95% CIs of association overlapped
when comparing EuA with AfA. For 17 of 18 loci, at least
one SNP was nominally associated with FG in AfAs. Four
loci were significantly associated with FG (GCK, p05.8×
10−8; MTNR1B, p08.5×10−9; and FADS1, p02.2×10−4) or
FI (GCKR, p05.9×10−4). At GCK and MTNR1B the EuA
and AfA SNPs represented the same signal, while at FADS1,
and GCKR, the EuA and best AfA SNPs were weakly
correlated (r2<0.2), suggesting allelic heterogeneity for as-
sociation with FG at these loci.
Conclusions/interpretation Few glycaemic SNPs showed
strict evidence of transferability from EuA to AfAs.
Four loci were significantly associated in both AfAs
and those with EuA after accounting for varying LD

across ancestral groups, with new signals emerging to
aid fine-mapping.

Keywords African ancestry . Genetics . Genome-wide
association . LDmapping . Minorities . Type 2 diabetes

Abbreviations
AfA African-American
ARIC Atherosclerosis Risk in Communities
CARDIA Coronary Artery Risk Development in Young

Adults
CARe Candidate Gene Association Resource
CEU HapMap 2 reference panel of Utah residents

of northern and western European ancestry
CFS Cleveland Family Study
CVD Cardiovascular disease
DIAGRAM The Diabetes Genetics Replication And

Meta-analysis Consortium
EuA European ancestry
FG Fasting glucose
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FI Fasting insulin
Fst Fixation index
HOMA-B HOMA-beta cell function
HOMA-IR HOMA- insulin resistance
iHS Integrated haplotype score
JHS Jackson Heart Study
LD Linkage disequilibrium
MAGIC The Meta-Analyses of Glucose and Insulin-

related traits Consortium
MESA Multi-Ethnic Study of Atherosclerosis
MSA Metropolitan statistical area
NHLBI National Heart, Lung, and Blood Institute
SNP Single-nucleotide polymorphism
varLD A program for quantifying variation in link-

age disequilibrium patterns between
populations

YRI HapMap 2 reference panel of residents of
Yoruba in Ibadan, Nigeria

Introduction

In the USA, over 23 million people have type 2 diabetes, but
minority groups such as African-Americans (AfAs) are dispro-
portionately affected. In 2005, the prevalence of type 2 diabetes
was about 28% higher in AfAs than in individuals of European
ancestry (EuA), and risk for diabetes (defined by either elevated
fasting glucose or HbA1c) was about twice as high. By 2050,
this racial disparity is projected to increase even further [1].
Racial/ethnic variation in health-related behaviours and obesity
accounts for much of this disparity [2, 3], but genetic factors
could also contribute [4–6].

Until recently, the majority of genetic studies of type 2
diabetes and related quantitative traits (e.g. levels of fasting
glucose [FG] and fasting insulin [FI]) have been conducted
in EuA populations [7, 8]. There are strong scientific rea-
sons to expand diabetes-related genetic analyses to AfA,
quite apart from the disparity caused by their exclusion from
this important research frontier. No single ancestral popula-
tion is sufficient to fully uncover variants contributing to
disease in humans, and of all continental ancestral groups,
those of African ancestry contain the richest range of genetic
variation. Trans-ethnic genetic analyses can elucidate ances-
tral differences in common risk-allele frequencies, linkage
disequilibrium (LD) patterns and variant effect size differ-
ences, as well as guide locus fine-mapping to uncover func-
tional variants identified in EuA genetic studies [4–6, 9, 10].

Study of AfA populations is likely to be especially important
to identify diabetes-related genetic variants [4, 11]. Although
one recent study examined whether type 2 diabetes associations
found in EuAwere also associated in about 2,500 AfA individ-
uals [12], analyses of transferability of type-2-diabetes-

associated variants from EuA to AfA populations have not so
far been especially instructive, probably because of limited
sample sizes and testing of tagging variants rather than func-
tional variants in the setting of reduced LD [13–16]. On the
other hand, analyses of continuously distributed quantitative
traits such as FG or FI, elevations of which herald type 2
diabetes [17], offer the advantage of increased power and
reduced misclassification by disease status [18]. One recent
study of 927 unrelated AfAs confirmed the association of six
EuA-identified variants with FG [19]. Another study of 3,024
adults reported that allele frequencies of 16 novel FG-
associated single-nucleotide polymorphisms (SNPs) varied
across non-Hispanic whites, non-Hispanic blacks and Mexican
Americans [9]. In the present study, we investigated whether
testing associations of EuA-identified variants in the large
Candidate Gene Association Resource (CARe) study would
confirmwide risk-allele frequency variation and LD differences
in AfA vs EuA and show limited EuA-associated SNP associ-
ations in AfA, but when accounting for LD, would show that
most FG- or FI-associated loci are associated with diabetes-
related quantitative traits in AfAs at different, generally inde-
pendent, variants.

Methods

Candidate Gene Association Resource study samples

TheCandidateGeneAssociationResource (CARe) is aNational
Heart, Lung, and Blood Institute (NHLBI) shared resource for
genotypeassociationanalysescomprisingfiveparentstudieswith
AfA participants and traits of interest. All individuals provided
written informed consent for DNA studies as part of their parent
study.CARestudysamplesaredescribedingreaterdetail inLettre
et al [15]. Briefly, the studies were as follows.

Atherosclerosis Risk in Communities The Atherosclerosis
Risk in Communities (ARIC) study is an ongoing prospec-
tive cohort study originally designed to investigate risk
factors of subclinical and clinical atherosclerosis. It includes
measurement of cardiovascular and diabetes risk factors.
ARIC enrolled 15,792 participants, aged 45–64 years, from
four field centres, and has been described in detail elsewhere
[20]. This study includes only self-reported AfA partici-
pants, and all participants provide written informed consent.

Coronary Artery Risk Development in Young Adults The
Coronary Artery Risk Development in young Adults
(CARDIA) study is a prospective multicentre investigation
of the development and determinants of clinical and subclin-
ical cardiovascular disease (CVD) and its risk factors. The
participants were recruited from four sites and appropriate
informed consent was provided [21].
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Cleveland Family Study The Cleveland Family Study (CFS)
is a family-based longitudinal study originally designed to
investigate genetic and non-genetic risk factors for sleep
apnoea [22]. For this analysis, only data from AfAs partic-
ipating in the most recent examination that included a
morning fasting blood draw were analysed. All participants
provided written informed consent.

Jackson Heart Study The Jackson Heart Study (JHS) is a
prospective population-based study of CVD among non-
institutionalised AfA adults aged 21–95 years and residing
in the Jackson, MS metropolitan statistical area (MSA) [23].
The final JHS cohort included 5,301 participants, equivalent
to 7% of all AfAs aged 21–95 residing in the Jackson
MSA17. Details of the study design and recruitment protocol
have been described elsewhere [23–26]. Appropriate in-
formed consent was provided.

Multi-Ethnic Study of Atherosclerosis The Multi-Ethnic
Study of Atherosclerosis (MESA) is a community-based
cohort study designed to investigate characteristics and risk
factors for subclinical CVD. Participants were recruited
from six centres and appropriate informed consent was
provided. From 2000 to 2002, 6,814 participants (38%
non-Hispanic white, 28% black, 12% Chinese, 22%Hispanic;
aged 45–84 years) without existing clinical CVD were en-
rolled [27]. Only data from AfA individuals were included in
this analysis.

In all studies, FG was measured using hexokinase (in
mmol/l) and FI was measured using RIA or ELISA methods
in serum or plasma (in μU/ml, converted into pmol/l using a
conversion factor of 6).

Genotyping, imputation and principal components analysis

All samples were genotyped at the Broad Institute using the
Affymetrix Genome-Wide Human SNP Array 6.0 (Affy6.0,
Santa Clara, CA, USA). Quality-control steps were per-
formed centrally by the CARe analytical group at the Broad
Institute [15]. Imputation was conducted centrally at the
Broad Institute with MACH 1.0.16 using the HapMap 2
reference panel of Utah residents of northern and western
European ancestry (CEU) and the Yoruba in Ibadan, Nigeria
(YRI). The allelic concordance rate, defined as 1–1/2*|
imputed_dosage − genotyped_dosage| based on the CEU+
YRI panel, was 95.6%, comparable with rates for individu-
als of African descent imputed with HapMap 2 YRI indi-
viduals [15]. Filters applied to the imputation data were
based on the imputation quality measure RSQ_HAT with a
threshold of >0.3 and a minor allele frequency threshold
of >0.01. Ancestry principal components (PCs) were generat-
ed using EIGENSTRAT (http://genepath.med.harvard.edu/
~reich/EIGENSTRAT.htm).

Allele frequency differences and natural selection

We used several approaches to evaluate population differ-
entiation and natural selection at index SNPs. First, we
assessed index SNP allele-frequency differences in CARe
comparing individuals of EuA vs AfA by calculating the
absolute value of (index-risk-allele frequency in EuA −
index-risk-allele frequency in AfA), using the trait-raising
allele in EuA as the risk allele. Second, we calculated
Wright’s fixation index (Fst) to assess the degree of popula-
tion differentiation as reflected by divergent allele frequen-
cies. We calculated Fst using CARe risk-allele frequencies
for AfAs, and the Meta-Analyses of Glucose and Insulin-
related traits Consortium (MAGIC) [8] risk-allele frequencies
for those of EuA, but because the EuA sample size (46,186)
was about seven times the AfA sample size, potentially ob-
scuring population differentiation at any locus, we also calcu-
lated the Fst using CEU and YRI HapMap 2 data for which the
sample sizes are similar. Third, we calculated the integrated
haplotype score (iHS) in HapMap 2 data to assess evidence for
recent positive selection at the index SNP. Fst and iHS were
calculated using Haplotter [28]. We used varLD (a program
for quantifying variation in linkage disequilibrium patterns
between populations) to compare EuA vs AfA regional LD
patterns. The approach quantifies genomic regions carrying
dissimilar patterns of LD, regions at which different haplo-
types, structural variants and signs of positive selection may
be particularly common [29].

Statistical analysis to generate SNP-trait-association results

We tested SNP associations with quantitative traits in each
cohort according to a uniform protocol. The primary study
traits were FG and FI; in secondary analyses we also tested
associations with HOMA-insulin resistance (HOMA-IR)
and HOMA-beta cell function (HOMA-B) [30]. FI and
HOMA were analysed on the natural log scale. Ancestry
PCs were created in each study; as just the first two PCs
were associated with FG (p<0.005) these were used as
covariates in each study to control population stratification.
Genomic control correction based on median χ2 value was
calculated across all loci in the genome-wide association
study (GWAS) data within each study to adjust for inflation
of test statistics. Traits were analysed using linear regression
under an additive genetic model, adjusted for age, age2, sex,
study site (if applicable) and the first two PCs; relatedness
was accounted for when necessary using linear mixed effect
(LME) models. PLINK (http://pngu.mgh.harvard.edu/
~purcell/PLINK/) and R (v2.9.0) were used for data man-
agement and statistical analyses. We performed fixed-effect
meta-analyses on study-specific genome-wide association
results to generate a combined association effect estimate for
each SNP using the inverse-variance weighted approach in
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METAL (a tool for meta-analysis of genome-wide association
scans) [31]. Nominal significance was defined as a SNP
association p value<0.05. We estimated the power of the
sample to detect additive SNP-FG (in mmol/l) associations,
using the detectable effect size as the 25th, 50th and 75th
percentiles of the distribution of β coefficients seen in Dupuis
et al [8]. At n~6,000 and α04.05×10−5, we had low power to
detect all but the largest effect sizes (electronic supplementary
material [ESM] Fig. 1).

Interrogation of transferability

We defined SNP transferability as an EuA index SNP hav-
ing the same direction of association with the quantitative
trait and a p value<0.05 in AfA individuals, and locus
transferability as a locus containing any SNPs significantly
associated with the quantitative trait in AfAs, with signifi-
cance defined as any SNP with a p value<0.05 after ac-
counting for the effective number of tests at the locus. We
took two approaches to investigate transferability of EuA
quantitative trait-associated SNPs and loci in AfA. First, we
tested index SNPs reported to be associated with FG or FI at
genome-wide significance (5×10−8) in EuA individuals in
the MAGIC study [8]. We also tested replicated significant
type 2 diabetes SNPs [32–36] that had consistent nominal
associations with FG or FI in the Diabetes Genetics Repli-
cation and Meta-analysis Consortium (DIAGRAM) or
MAGIC studies [7, 8]. Second, we searched for the best
SNPs in AfAs accounting for differences in regional LD
structure in AfAs vs those with EuA by interrogating the
flanking 250 kb regions on each side of the index SNP, with
the best SNP defined as the SNP with the smallest FG or FI
association p value in the region in AfA individuals. Note
that we treated each region independently in this follow-up
study of regions that had a higher prior probability of
association with the trait of interest than the genomic aver-
age, based on previously reported associations in Euro-
peans. As the results for any one region had no inferential
bearing on the results for any other region, we made region-
wide (not genome-wide) corrections to adjust for multiple
comparisons. For a locus, the significance of the identified
best SNPs was evaluated using a Bonferroni correction
adjusting for the effective number of tests within that locus,
estimated using the Li and Ji algorithm [37].

Results

We analysed data from 5,984 (FG) to 5,969 (FI) non-
diabetic AfA individuals from five CARe participating
cohorts (Table 1). About 40% within each cohort were
men and cohorts had a similar mean FG levels (range from
4.5 to 5.4 mmol/l). Mean age ranged more widely (from

24.4 to 61.7 years) across cohorts, as did mean FI (from 40.6
to 97.8 pmol/l).

Allele frequency differences and natural selection

As observed for quantitative glycaemic traits, index SNP
allele-frequency differences between those of EuA and
AfAs had a wide range (Table 2). Fst exceeded 0.15 at
1/18 loci in CARe but at 6/18 loci in HapMap 2, indicating
modest population differentiation based on allele frequency
differences at ADRA2A, CRY2, PROX1, FADS1, IGF1 and
C2CD4B. The absolute values of all iHSs were <2, suggest-
ing no recent strong positive selection at any locus. For the
FADS1 and G6PC2 loci at which the index and best SNPs
were weakly correlated, the varLD scores were elevated in
AfAs, suggesting allelic heterogeneity of tag SNPs for causal
variants or other forms of variation, such as copy number
variations (Fig. 1).

Interrogation of EuA FG- and FI-associated loci in AfAs

Trait-raising allele frequencies of EuA index SNPs in AfAs
varied widely, from a minimum of a 0.6% difference
(TCF7L2) up to a 54% difference (ADRA2) between ancestry
groups (Table 3). Of EuA index SNPs tested directly in AfAs,
all 18 were directionally consistent; three of the 18 were
nominally (p<0.05) associated with FG and one with FI. In
addition, all of the published 95% CIs around point estimates
for association of index SNPs in those of EuA overlapped
with those tested here in AfAs. We also performed formal
heterogeneity tests comparing effects in EuAs with effects in
AfAs. Heterogeneity tests yielded only one nominally signif-
icant result for rs10830963 (p value04.26×10−2 atMTNR1B),
indicating that the effect sizes in those of EuA vs AfAs for at
least 17 index SNPs were not statistically different.

Further, in the ±250 kb flanking regions around index
SNPs (Table 4), nearly all (17 of 18) had a best SNP
nominally significant in AfAs, and four (at GCK, MTNR1B
and FADS1 for FG and GCKR for FI) had SNPs that
remained significantly associated after adjusting for the
effective number of SNPs tested within the regions. At 15
of 18 loci in AfAs, the index SNP and the best SNP were not
in substantial LD (all r2<0.2 in AfAs). At GCK, MTNR1B
and CRY2, the index and best SNPs were in strong LD or
were the same SNP. Of the best AfA SNPs, five of 18 (at
G6PC2, GCKR, GCK, MTNR1B and CRY2) were also at
least nominally associated (p<0.05) with FG or FI in those
of EuA in the MAGIC data (ESM Table 1).

Associations with HOMA-B (for FG loci) and with
HOMA-IR (for FI loci) for both the index SNPs and the
best FG or FI SNPs are shown in ESM Tables 2 and 3.
Seven SNPs out of 16 EuA FG index SNPs showed nomi-
nally significant association with HOMA-B in AfAs, while
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three best AfA SNPs reached nominal significance. Neither
of two EuA FI index SNPs were nominally significant,
while the best AfA FI SNPs at both loci were nominally
significant (at GCKR and IGF1).

Interrogation of FG or FI-associated type 2 diabetes loci
in AfAs

Fourteen of the ~40 known type 2 diabetes loci have also been
nominally associated with FG or FI in individuals of EuA [7,
8]. Of these 14, only TP53INP1 was directionally consistent
and nominally associated with FG in AfAs (Table 5). Overall,
8/14 index EuA SNPs had directionally consistent FG associ-
ations in AfAs, ten out of 13 best AfA SNPs (one SNP was
monomorphic in AfA) showed 95% CIs that overlapped with
EuA index SNPs in AfA and eight out of 13 best AfA SNPs
did not reach nominal significance level in formal heteroge-
neity tests comparing those of EuA with AfAs. Note that the
lociMTNR1B (p value01.38×10−6 for index SNP rs1381753)
is again among the loci (THADA, ADAMTS9, HHEX and
KCNQ1) with heterogeneous effect (Table 5) and its allelic
effect of 0.060 is remarkably larger in the sample of EuA
compared with 0.008 in the sample of AfAs. After accounting
for ancestral LD by querying SNPs flanking the index SNP, all
14 best SNPs around the 14 index SNPs showed nominally
significant associations in AfAs, and four of these best SNPs
(at KCNQ1, MTNR1B, ADAMTS9 and CDC123/CAMK1D)
remained significantly associated with FG after adjusting for
multiple comparisons (Table 6 and ESM Fig. 2). At all 14 loci
the best SNP was in low LD with the index SNP (all r2<0.2).
The best SNPs at ZBED3, TP53INP1, KCNQ1 and MTNR1B
in AfAs were nominally associated with FG in EuA individ-
uals in the MAGIC data (ESM Table 1).

Discussion

We found that among 18 index SNPs robustly associated
with glycaemic quantitative traits in the MAGIC EuA

populations, just three SNPs (at GCK, MTNR1B and
G6PC2 for FG) were directly transferrable to the ~6,000
AfA individuals from five separate cohorts in CARe, but all
18 published 95% CIs around association-point estimates in
MAGIC overlapped with the CIs based on associations in
AfAs. However, after accounting for ancestral differences in
LD by searching more broadly in regions flanking the EuA
index SNP, 17 of 18 loci were nominally associated with FG
or FI in AfAs, and SNPs at four of these loci (GCK,
MTNR1B and FADS1 for FG and GCKR for FI) remained
significantly associated with FG or FI in AfAs after account-
ing for multiple comparisons. For FG-associated type 2
diabetes SNPs discovered in EuA populations, only one
(TP53INP1) was directly transferable to AfAs, but ten of
13 published 95% CIs overlapped with the CIs based on
associations in AfA. These overlapping intervals indicate
that the trait-raising allelic effects for glycaemic loci are sim-
ilar in individuals of EuA and AfAs. Four FG-associated type
2 diabetes loci (ADAMTS9, CDC123/CAMK1D, KCNQ1 and
MTNR1B) had a best AfA SNP significantly associated with
FG in AfAs after adjusting for multiple comparisons. As
expected, allele frequencies and regional LD varied widely:
there was evidence of modest population differentiation for
six index SNPs (includingFADS1), but none showed evidence
of recent positive selection. These results provide evidence
that some genetic loci associated with glycaemic regulation
are reproducibly shared across human populations, with a
suggestion of potential transferability for most loci, at least
for individuals of European or African ancestry. The data also
provide evidence for allelic heterogeneity at many loci and
evidence for shared haplotypes with proximity of an index
SNP with a functional variant at several loci.

These results illustrate the value of examining AfA
cohorts for fine-mapping. Where there is strong LD between
the index SNP and the best SNP, association with FG in an
ancestral group with reduced LD increases confidence that
the index signal is on the same haplotype or is otherwise
close to a functional mutation (GCK, MTNR1B and CRY2).
For instance, at MTNR1B, the FG–type 2 diabetes signal is

Table 1 Characteristics of five CARe cohorts

Cohort ARIC (n01,734) CARDIA (n0930) CFS (n0272) JHS (n01,707) MESA (n01,341)

Men, n (%) 649 (37.4) 362 (38.9) 104 (38.2) 682 (40.0) 596 (44.4)

Age (years) 53±5.8 24±3.9 36±17.7 49±12.1 62±10.3

FG (mmol/l) 5.4±0.5 4.5±0.48 5.1±0.54 5±0.5 5±0.6

FI (pmol/l)a 89.1±65.7 75.1±52.7 84.2±69.5 97.8±55.6 40.6±27.8

HOMA-Bb 160.7±110.1 290.6±248.3 187.4±193.1 229.9±129.7 95.8±65.6

HOMA-IRb 3.6±2.9 2.6±1.9 3.3±2.8 3.7±2.4 1.6±1.2

Data are mean±SD unless otherwise specified
a 1 pmol/l06 μU/ml for insulin
b Numbers of missing individuals for HOMA-B and HOMA-IR: ARIC, 9; CARDIA, 17; CFS, 1; JHS, 0; MESA, 4
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the same for both those of EuA and AfAs (rs10830963).
Where there is weak LD between the index SNP and the
best SNP (all other loci in AfAs), there are two alternative
explanations: (1) these SNPs represent independent signals
where the index and best SNPs were significant in only one
population (population-specific allelic heterogeneity); or (2)
they share LD with a tagged untyped functional SNP in the
region where the differential LD pattern between those of
EuA and AfAs can focus fine-mapping of the association

signal. For instance, at G6PC2 in EuA the FG index SNP
(rs560887) and best SNP (rs853789) are in strong LD with a
known functional SNP (rs13431652; r2 with rs560887 in
CEU00.923, r2 with rs853789 in CEU00.595) [38], but
AfA rs853789 is not correlated with rs13431652 (r2 in
YRI00.004). KCNQ1 also demonstrates multiple indepen-
dent signals identified in different ancestry groups [7, 39,
40]. Variation in LD structure across these ancestral groups
has focused regions of interest and identified new signals
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that may aid future fine-mapping to identify functional
variants involved in FG and FI regulation.

Just one paper has investigated the transferability of EuA
diabetes-related quantitative trait loci in AfAs. Ramos et al
examined the index and correlated SNPs (r2≥0.3 in CEU)
for 16 fasting glucose loci reported by MAGIC in 927 AfAs
[19], demonstrating associations of index and/or correlated
SNPs at TMEM195 (also known as AGMO), SLC30A8,
TCF7L2, G6PC2, GCKR and MTNR1B. This is consistent
with our index SNP association results at G6PC2 and
MTNR1B and regional association at GCKR. In addition, the
direction and magnitude of effect of the T allele in rs2191349
at TMEM195 were comparable (β00.014 [Ramos] vs 0.016
[this study]), despite not reaching significance in this study.
Taken together with the significant association of AfA best
SNPs at GCKR, GCK and MTNR1B with FG or FI in EuA
populations in MAGIC, the loci GCKR, GCK and MTNR1B
appear likely to share the same causal variant(s) in populations
with EuA and AfAs. Differences in LD such as those found at
GCK and GCKR between those with EuA and AfAs also
facilitate the fine-mapping of causal variants in these loci.
The associations of independent SNPs at G6PC2 and FADS1
in EuA populations and AfAs probably point to distinct sig-
nals requiring further study.

Our data add to the list of glycaemic loci confirmed and
informatively fine-mapped by cross-ancestry analyses
[41–43]. For instance, at KCNQ1, studies in South and East
Asian populations identified the type-2-diabetes-associated

SNPs rs2237892, rs2237895 and rs2237897 [39, 40], weak-
ly correlated with the signal seen in EuA populations
(rs231362) [7]. Here, we add an FG-associated signal in
AfAs (rs2011766), bringing to five the total number of
apparently independent signals at KCNQ1 associated with
glycaemia in humans. SNP rs2011766 is intronic and is in
very weak LD with the other SNPs in the 1,000 Genomes
Pilot 1 reference panel: rs231362 vs rs2011766, r200.06;
rs2011766 vs rs2237895 r200.03; and rs2011766 vs
rs2237892 r200.02. However, rs2011766 does not appear
to be a type-2-diabetes-risk locus, with an odds ratio for type
2 diabetes in the DIAGRAM discovery meta-analysis of
1.04 (p00.19) [7]. Multi-ethnic allelic heterogeneity in as-
sociation with FG or type 2 diabetes has also been reported
for the C2CD4A/B locus [44]. Other loci at which cross-
ancestry fine-mapping has confirmed the index SNP to be
the same in EuA populations and AfAs are TCF7L2 [10, 13,
45, 46], PPARG, IGF2BP2, JAZF1 [12] and FTO [47].

Type 2 diabetes disproportionately affects AfAs. This
differential risk may be due partly to genetic factors [5].
Most AfAs have differential mixed ancestry from Western
Africa and Europe [48]. AfA genetic architectures are sub-
stantially different and generally have lower LD compared
with other US populations [5], which is theoretically able to
assist fine-mapping of causal variants. Our observation of
large differences in risk-allele frequency and high Fst be-
tween AfAs and EuA populations at some SNPs is consis-
tent with studies of other complex-disease-associated SNPs
[4, 49]. Differences in risk-allele frequencies or in ability to
increase FG (ancestral vs derived allele) did not seem to
have strong impact on the association as supported by many
of the loci showing transferability with similar effect sizes in
AfAs [16]; of 18 glycaemic loci, only SNPs at FADS1 had
evidence of population differentiation and significant asso-
ciation with FG at weakly correlated EuA and AfA signals.
A limitation of our study is that lower risk-allele frequencies
at some loci may be due to insufficient study power. In
addition, lack of transferability may arise from the con-
founding effects of social and environmental risk exposures
that vary across populations and that have not been consid-
ered here [50–52].

Conclusions

Cross-ancestry studies can show new population-specific
risk variants and confirm shared risk variants. Allele fre-
quencies and LD variation influence power and the ability to
resolve the signal to a smaller region containing possible
functional variants. In the AfA CARe cohort of ~6,000
person, there was substantial allele frequency variation but
modest EuA index SNP transferability. However, most
glycaemia-associated loci showed at least nominal evidence

Fig. 1 500 kb regional association plots centred at the index SNPs
identified from EuA samples at GCK, MTNR1B, FADS1 and G6PC2.
The x-axis denotes genomic position and the y-axis denotes the − log
(p value) for each SNP. The two larger-sized data points represent the
best SNPs within the region in the AfA CARe sample (black arrows)
and the index SNPs (white arrows, locating the centre of the region)
previously reported from EuA population samples. The colour of each
data point indicates its LD value (r2) with the index SNP based on
HapMap 2 YRI: white, r200.0–0.2; yellow, r200.2–0.5; orange, r20
0.5–0.8; red, r200.8–1.0. The blue line represents the recombination
rate. The green line shows the varLD score at each SNP and is
highlighted with dark brown if the varLD score is ≥95th percentile of
the genome-wide varLD score, comparing LD information between
YRI and CEU HapMap 2 samples [29]. (a) GCK region: the index SNP
rs4607517 has a p value of 1.42×10−6 in AfA CARe individuals, while
the best SNP rs1799884 has a p value of 5.79×10−8. Their r2 values are
0.469 in HapMap 2 YRI and 1.0 in HapMap 2 CEU. (b) MTNR1B
region: rs10830963 is the index SNP and the best SNP within the
region in AfA CARe individuals, with a p value of 8.51×10−9.
(c) G6PC2 region: the index SNP rs560887 has a p value of 4.08×10−3

in AfA CARe individuals and the best SNP rs853789 has a p value of
1.62×10−3. The r2 value is not known in HapMap 2 YRI and is 0.692 in
HapMap 2 CEU. A known functional SNP in the region, rs13431652
[38], has r200.923 with rs560887 and r200.595 with rs853789 in
HapMap 2 CEU, but in HapMap 2 YRI the r2 of rs13431652 with
rs853789 is 0.004. (d) FADS1 region: the index SNP rs174550 has a
p value of 0.399 in AfA CARe individuals and the best SNP rs7937198
has a p value of 2.22×10−4. Their r2 values are 0.00 in HapMap 2 YRI
and 0.24 in HapMap 2 CEU

�
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of similar association in AfA and EuA groups after accounting
for LD differences. Four FG loci (G6PC2, GCK, MTNR1B
and FADS1) and three type 2 diabetes-FG loci (KCNQ1,
ADAMTS9 and CDC123/CAMK1D) were convincingly trans-
ferable from EuA populations to AfAs. Cross-ancestry analy-
ses that leverage varying LD across ancestral groups can
identify signals that may aid fine-mapping. In the near future
one can expect that new or confirmatory variants associated
with type 2 diabetes and diabetes-related quantitative traits are
likely to be revealed by more extensive sequencing and
genome-wide analysis ongoing in other ancestral population
groups, further illuminating the genetic architecture of type 2
diabetes risk and glycaemic regulation in all humans.
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