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ARTICLE

Genetic discovery and risk characterization in type 2
diabetes across diverse populations

Linda M. Polfus,1,41,* Burcu F. Darst,1,41 Heather Highland,2 Xin Sheng,1 Maggie C.Y. Ng,3

Jennifer E. Below,4 Lauren Petty,4 Stephanie Bien,5 Xueling Sim,6 Wei Wang,7 Pierre Fontanillas,7

Yesha Patel,1 The 23andMe Research Team, DIAMANTE Hispanic/Latino Consortium, MEta-analysis of
type 2 DIabetes in African Americans Consortium, Michael Preuss,8 Claudia Schurmann,8 Zhaohui Du,1

Yingchang Lu,3 Suhn K. Rhie,9 Joseph M. Mercader,10 Teresa Tusie-Luna,11

Clicerio González-Villalpando,12 Lorena Orozco,13 Cassandra N. Spracklen,14 Brian E. Cade,15
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Summary
Genomic discovery and characterization of risk loci for type 2 diabetes (T2D) have been conducted primarily in individuals of European

ancestry. We conducted a multiethnic genome-wide association study of T2D among 53,102 cases and 193,679 control subjects from Af-

rican, Hispanic, Asian, Native Hawaiian, and European population groups in the Population Architecture Genomics and Epidemiology

(PAGE) and Diabetes Genetics Replication and Meta-analysis (DIAGRAM) Consortia. In individuals of African ancestry, we discovered a

risk variant in the TGFB1 gene (rs11466334, risk allele frequency (RAF)¼ 6.8%, odds ratio [OR]¼ 1.27, p ¼ 2.063 10�8), which replicated

in independent studies of African ancestry (p¼ 6.263 10�23). We identified amultiethnic risk variant in the BACE2 gene (rs13052926, RAF

¼ 14.1%, OR ¼ 1.08, p ¼ 5.753 10�9), which also replicated in independent studies (p ¼ 3.453 10�4). We also observed a significant dif-

ference in the performance of a multiethnic genetic risk score (GRS) across population groups (pheterogeneity ¼ 3.85 3 10�20). Comparing

individuals in the top GRS risk category (40%–60%), the OR was highest in Asians (OR ¼ 3.08) and European (OR ¼ 2.94) ancestry pop-

ulations, followed by Hispanic (OR ¼ 2.39), Native Hawaiian (OR ¼ 2.02), and African ancestry (OR ¼ 1.57) populations. These findings

underscore the importance of genetic discovery and risk characterization in diverse populations and the urgent need to further increase

representation of non-European ancestry individuals in genetics research to improve genetic-based risk prediction across populations.
Introduction

The global burden of type 2 diabetes (T2D; MIM: 125853)

has risen substantially in the last 20 years, affecting more

than 415 million individuals worldwide.1 The rapid

growth of this epidemic is a reflection of socioeconomic

trends (including changes in environmental factors, such
1Department of Preventive Medicine, Center for Genetic Epidemiology, Unive

miology, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA; 3D

versity Medical Center, Nashville, TN, USA; 4The Vanderbilt Genetics Institute

technologies Corporation, Seattle, WA, USA; 6Saw Swee Hock School of Publi

System, Singapore, Singapore; 723andMe, Sunnyvale, CA, USA; 8Icahn School o

Medicine, New York, NY, USA; 9Department of Biochemistry and Molecular Me

in Metabolism, Broad Institute, Cambridge, MA, USA; 11Unidad de Biologı́a Mo

trición Salvador Zubirán, Universidad Nacional Autónoma de Mexico, Mexico

Diabetes y Riesgo Cardiovascular, Centro de Investigacion en Salud Poblaciona
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as high calorie intake and low levels of physical activity)

and a rising incidence of obesity, with individuals from

Asian, African, and Hispanic populations having higher

risk of developing T2D than individuals from European

populations.2 The pathogenesis of T2D is characterized

by loss of b-cell function and rising insulin resistance,

with disease severity also differing by race and ethnicity.3
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Individual risk of T2D and inter-individual variability

of glycemic traits are, at least in part, influenced by

genetic factors.4 To date, T2D genome-wide association

studies (GWASs) have discovered �600 independent loci

comprised primarily of common variants with modest

effects, with genome-wide chip heritability explaining

19% of T2D risk.5 While the largest T2D GWAS consortia

have been largely based on European ancestry popula-

tions,6 ancestry-specific and multiethnic GWASs have

emerged.5,7 Further, the recent development of genetic

imputation reference panels and genotyping arrays that

capture common variation in ancestrally diverse groups

allows for better characterization of the genetic architec-

ture of T2D across race and ethnicity.8

The Population Architecture Genomics and Epidemi-

ology (PAGE) study was assembled to study the genetic ar-

chitecture of complex traits across racial and ethnic popu-

lations in the US.9 In the current study, we performed a

multiethnic GWAS meta-analysis of T2D, combining pop-

ulation-specific GWAS results for T2D in PAGE with Euro-

pean ancestry GWAS results from the Diabetes Genetics

Replication and Meta-analysis (DIAGRAM) consortium to

discover risk loci for T2D. Findings were investigated in in-

dependent ancestry-specific T2D studies and consortia. We

also constructed genetic risk scores (GRSs) using T2D risk

variants previously identified in a large multiethnic popu-

lation5 to examine whether such scores effectively stratify

T2D risk across racial and ethnic groups.
Material and methods

Studies/consortia
The multiethnic GWAS meta-analysis included studies with geno-

type data from the PAGE study (Table S1) and publicly available

summary statistics for European ancestry populations from the DI-

AGRAM consortium.10 GRS analyses included non-European

ancestry populations in PAGE with Illumina MEGA array data

(described below) and European ancestry populations from the
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UK Biobank.11 A flow chart of research studies contributing to

GWAS and GRS analyses is shown in Figure S1.

The PAGE study consists of large, ongoing population-based

studies including the Multiethnic Cohort (MEC) study,12 the

Women’s Health Initiative (WHI),13 Atherosclerosis Risk in Com-

munities (ARIC),14 Coronary Artery Risk Development in Young

Adults (CARDIA),15 the Hispanic Community Health Study/Study

of Latinos (HCHS/SOL),16 and the Mount Sinai School of Medi-

cine’s (MSSM) Electronic Health Record (EHR)-linked biobank

(BioMe).17 The PAGE study has been described elsewhere,18 with

additional detail found in the Supplemental methods.

T2D caseswere defined as individualswith (1) a T2Ddiagnosis by

a physician/medical professional and use of medication for treat-

mentofdiabetes, and/or (2) a fasting (R8h)bloodglucosemeasure-

ment R126 mg/dL indicated in examination records. In BioMe,

T2Ddiagnosis and treatmentwas assessed using electronicmedical

recorddiagnosis codes, abnormal laboratory values, or diagnosis by

a physician. For MEC, T2D cases were based on self-report of a T2D

diagnosis and medication use, diabetes registries of health plans,

the Chronic Condition Data Warehouse of Medicare, and Califor-

nia hospital discharge records. Control subjects were participants

whodidnot self-report apreviousdiagnosis of T2Dor theuseof dia-

betesmedications andwhodidnothaveanyevidenceofdiabetes in

linkedhealth plandata. For studieswith fasting blood glucosemea-

surements (all studies except MEC), participants with levels

>126 mg/dL were excluded as control individuals. Individuals

who were pregnant at blood draw, had type 1 diabetes, or had an

age of diabetes diagnosis below 20 years were excluded from case

and control groups. Additional details about T2D case and control

selection criteria for each PAGE study and replication studies are

described in the Supplemental methods and elsewhere.19

The 18 studies comprising stage 1 of the DIAGRAM consortium

have been previously described.10 Briefly, T2D case/control status

varied by contributing study based on a combination of diagnostic

fasting glucose or hemoglobin A1c (HbA1c) level cutoffs, hospital

discharge diagnosis, use of oral diabetes medication, International

Classification of Disease, 9th Revision (ICD-9) T2D codes ranging

from 249–250.99, or self-report.

In the UK Biobank, whichwas used exclusively for GRS analyses,

T2D status was defined as previously described20 and included

having an ICD-10 code of E11.X or a self-reported diagnosis in

an interview with a trained nurse.
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Genotyping
In PAGE, 48,781 individuals were genotyped on the Illumina

MEGA array, which includes �2 million variants. The MEGA array

was designed in PAGE to improve discovery in diverse ancestral

populations and account for genetic heterogeneity across ethnic

groups.9 The backbone includes highly informative variants for

GWAS analyses in European and East Asian descent populations

for compatibility with other genotyping arrays. The MEGA back-

bone was enhanced with content (83%) to improve coverage of

common variation in African ancestry and Hispanic/Latino popu-

lations. An additional 53,600 PAGE participants were genotyped

in previous studies using a variety of other genotyping arrays, as

described in Table S1. Genotyping details are described in the Sup-

plemental methods.

European ancestry T2D studies in DIAGRAM were genotyped

using several commercial genome-wide arrays, as described in

detail along with quality control procedures elsewhere.10

The UK Biobank included genotypes for 488,377 participants;

438,427 participants were genotyped using the Applied Bio-

systems UK Biobank Axiom Array, and 49,950 participants from

the UK Biobank Lung Exome Variant Evaluation (UK BiLEVE)

study were genotyped using the Applied Biosystems UK BiLEVE

AxiomArray by Affymetrix. These arrays share 95% ofmarker con-

tent.11
Imputation
In PAGE, allele dosages for autosomal variants were imputed using

the 1000 Genomes phase 3 reference panel (October 2014

release).21 Genotype dosage imputation was performed using

IMPUTE2.22 Variants were filtered out if they were monomorphic

or had an imputation info score < 0.4. For the PAGE MEGA array

imputed data, additional variants were filtered if the effective n

(effn, calculated as 2 3 minor allele frequency (MAF) 3 (1 �
MAF) 3 n 3 info score) was <30.

In DIAGRAM, imputation was performed using IMPUTE2 and

minimac using the 1000 Genomes phase 1 reference panel (March

2012 release). Variants were excluded if they had an info score <

0.40 or were missing in 50% (n ¼ 79,093) or more of the total

DIAGRAM sample. Of the 11.7 million genotyped or imputed var-

iants with summary statistics available in DIAGRAM, 10.8 million

were also observed in the PAGE European ancestry studies and

evaluated in the meta-analysis.

For UK Biobank, the Haplotype Reference Consortium reference

panel was merged together with the UK10K and 1000 Genomes

phase 3 reference panels, and imputation was carried out using

IMPUTE2.
Statistical analysis
To account for population stratification in PAGE, principal compo-

nents (PCs) were calculated separately for each genotyping array/

population group using Eigenstrat23 with common and uncorre-

lated variants.

The multiethnic GWAS included 246,781 participants, 87,573

of whom were from PAGE (African American: 8,591 cases

and 16,887 control subjects; Asian: 3,124 cases and 4,313 con-

trol subjects; Native Hawaiian: 1,642 cases and 2,152 control

subjects; Hispanic: 9,913 cases and 22,958 control subjects;

European American: 3,156 cases and 14,837 control subjects;

Table S1) and 159,208 of whom were of European ancestry

from DIAGRAM (26,676 cases and 132,532 control sub-

jects).10
Hu
In PAGE, �28 million genotyped and imputed variants were

analyzed for association with T2D risk. Analyses were performed

separately by race/ethnicity (based on self-report) and PAGE sub-

study. A total of 30 groups (combinations of race and sub-study)

were included in the meta-analysis described below (Table S1).

One of the sub-studies in PAGE (the SOL study) included pairs or

large clusters of closely related individuals by design.16 We used a

modified version of the generalized estimating equations (GEE)

method implemented in SUGEN24 to correct for these known rela-

tionships in SOL. For other studies, we used SUGEN to perform

traditional logistic regression analysis, without GEE correction.

In PAGE, logistic regression analyses were performed assuming

an additive genetic model for each variant while adjusting for

age, sex, body mass index (BMI, kg/m2), and the first 10 PCs.

Analyses were performed separately for each population. For

DIAGRAM, stage 1 T2D GWAS meta-analysis summary statistics

were used, which were adjusted for age, sex, BMI, and six PCs.10
Meta-analysis
Population-specific andmultiethnicmeta-analyses were conducted

across PAGE studies and DIAGRAM (Table S1) for the 28 million

SNPs. Summary statistics from each contributing GWAS were com-

bined across studies to form a single combined log odds ratio (OR)

estimate, standard error, andWald test for eachvariant, using afixed

effects model weighted by the inverse variances of the log OR esti-

mates, as implemented by METAL.25 Associations from popula-

tion-specific and multiethnic meta-analyses were variants that

reached genome-wide significance (p < 53 10�8) and were not re-

ported in previous GWASs or within 500 kb of established T2D

risk variants.
Replication
Variants associated with T2D risk in ancestry-specific or multi-

ethnic analyses at p < 5 3 10�8 were examined in independent

studies utilizing logistic regression adjusting for the same covari-

ates as in the discovery stage (except 23andMe, which did not

adjust for BMI). Replication was performed in 23andMe, where

T2D case status was based on self-report (European American:

109,274 cases and 154,3466 control subjects; Hispanic/Latino:

13,985 cases and 237,247 control subjects; African American:

7,521 cases and 82,988 control subjects; East Asian: 2,237 cases

and 72,819 control subjects; South Asian: 1,171 cases and

18,874 control subjects).26 Additional replication studies included

Hispanics/Latinos from the DIAMANTE Hispanic/Latino Con-

sortium (4,806 cases and 6,515 control subjects)27 and the Slim

Initiative for Genomic Medicine in the Americas (SIGMA) T2D

Consortium (1,817 cases and 2,284 control subjects),28 Asians

from the Asian Genetic Epidemiology Network (AGEN; 77,418

cases and 356,122 control subjects),29 and African Americans

from the MEta-analysis of type 2 DIabetes in African Americans

(MEDIA) Consortium (10,160 cases and 13,231 control sub-

jects).30 We also accessed publicly available summary results

from a published T2D study in Africa (2,633 cases and 1,714 con-

trol subjects).31 Replication studies/consortia were meta-analyzed

using METAL25 and described in detail in the Supplemental

methods.
Annotation
We annotated risk variants with whole genome sequencing anno-

tator (WGSA), RegulomeDB, and HaploReg 4.1.32–34 Based on the

evidence that the A risk allele of rs11466334 affected binding
man Genetics and Genomics Advances 2, 100029, April 8, 2021 3



profiles of CCCTC-binding factor (CTCF), we also examined CTCF

chromatin immunoprecipitation sequencing (ChIP-seq) data from

the Encyclopedia of DNA Elements (ENCODE) project across 25

tissue types and chromatin looping in pancreas and lymphoblas-

toid tissues from the WashU Epigenome Browser.
GRS
The GRS construction was based on 582 T2D risk variants and

their corresponding effect estimates as previously reported in the

largest multiethnic T2D GWAS reported to date.5 Of the 582 vari-

ants, 579 were present in both PAGE and the UK Biobank and had

imputation info scores > 0.45. The median info score in both the

UK Biobank and PAGE (MEGA array) was 0.99.

GRSs were calculated for 467,951 participants, which included

44,222 from PAGE (African American: 5,972 cases and 9,637 con-

trol subjects; Asian: 2,004 cases and 2,572 control subjects; Native

Hawaiian: 1,534 cases and 2,017 control subjects; Hispanic: 4,137

cases and 16,349 control subjects) and 423,729 individuals of Eu-

ropean ancestry from the UK Biobank (19,786 cases and 403,943

control subjects).

The GRS was computed as a sum of the number of risk alleles

carried by the individual, weighted by variant-specific effect esti-

mates. The GRS was then categorized into the following percen-

tiles: 0%–10%, 10%–20%, 20%–30%, 30%–40%, 40%–60%,

60%–70%, 70%–80%, 80%–90%, and 90%–100%. Additional an-

alyses were performed splitting the bottom and top deciles into

two categories to obtain the GRS risk for the bottom 1% and

top 1%: 0%–1%, 1%–10%, 90%–99%, and 99%–100%. GRS

thresholds were determined using the observed distribution

among control individuals for the corresponding population. Ge-

netic risk of T2D was estimated within each population group by

comparing participants in each of the defined GRS percentiles to

those in the 40%–60% category using logistic regression models

adjusted for age, sex, BMI, study (for non-Europeans), and ten

PCs. We also evaluated effect modification of the GRS on T2D

risk by body size. This was evaluated by stratifying participants

into low- and high-BMI groups based on the median BMI per

population. Logistic regression was then performed with T2D

as the outcome and GRS categories as the independent predic-

tors, adjusting for age, sex, BMI, study (for non-Europeans),

and ten PCs. In order to evaluate whether the effect of the

GRS significantly differed between the high and low BMI

models, similar logistic regression models were evaluated in all

participants with an added interaction term for GRS category

3 BMI (low/high). We report the p values for each resulting

interaction (between each GRS category and the dichotomized

BMI variable) as well as the p value for a likelihood ratio test,

comparing a model with and without the added interaction

term.

To further assess the discriminative ability of the GRS, the area

under the curve (AUC) was calculated for each population using

the ‘‘pROC’’ R package.35 Heterogeneity of the effect of the GRS

across population groups was assessed by calculating Cochran’s

Q in the R package ‘‘meta.’’36

For each population, we also estimated the proportion of famil-

ial relative risk of T2D explained by the 582 known variants as

previously described.37 This calculation used population-specific

risk allele frequencies (using the risk allele identified in Vujkovic

et al.5) and the per-allele odds ratios estimated in our GWAS and

assumed a 2.77 relative risk to first-degree relatives of T2D individ-

uals.38
4 Human Genetics and Genomics Advances 2, 100029, April 8, 2021
Results

Multiethnic GWAS

Genome-wide association analyses of T2D were carried out

in 244,936 individuals from PAGE (Table S1) and

DIAGRAM (52,204 cases and 192,732 control subjects),

with �10.8 million overlapping variants tested. Genomic

inflation ranged from l ¼ 1.03 in the African ancestry

GWAS to l ¼ 1.07 in the Hispanic GWAS, with the overall

multiethnic GWAS having l ¼ 1.07 (Figure S2). Genome-

wide significant associations were observed for 39 of the

582 known risk loci in the multiethnic meta-analysis, 20

of which were also significant in population-specific ana-

lyses: 18 in the European ancestry GWAS, 8 in Hispanics,

3 in African Americans, and 2 in Asians (Table S2). The

most statistically significant associations among known

risk loci were rs35011184 near TCF7L2 (MIM: 602228)

(OR ¼ 1.31, 95% confidence interval [CI] ¼ 1.27–1.34,

p ¼ 3.32 3 10�102) in the multiethnic meta-analysis,

which was also the most significant variant in European

(OR¼ 1.34, 95% CI¼ 1.29–1.38, p¼ 1.553 10�75) and Af-

rican populations (OR ¼ 1.29, 95% CI ¼ 1.20–1.39, p ¼
2.42 3 10�11), followed by rs2237897 near KCNQ1

(MIM: 607542) (OR ¼ 1.29, 95% CI ¼ 1.25–1.33, p ¼
2.08 3 10�54), which was the most significant variant in

the Hispanic (OR ¼ 1.36, 95% CI ¼ 1.29–1.43, p ¼
4.70 3 10�31) and Asian populations (OR ¼ 1.34, 95%

CI ¼ 1.24–1.45, p ¼ 7.54 3 10�13) (Table S2). We detected

genome-wide significant associations in four regions

located >500 kb of previously known T2D loci, two of

which were only found in African and Hispanic popula-

tions and one of which was only found in Asian andNative

Hawaiian populations (Tables S3 and S4). Among the 582

known variants reported in Vujkovic et al.,5 in our results,

338 variants (58.1%) had a multiethnic with a p value <

0.05, and 548 (94.2%) had consistent directions of effect

(results for the 582 variants are shown in Table S2).

To confirm associations with these four putative risk loci,

we examined associations in independent population-spe-

cific consortia (replication results shown in Table S4). Of

the four signals, associations with rs11466334 in TGFB1

(meta-analyzed across three replication studies in individ-

uals of African ancestry, p ¼ 6.26 3 10�23) and

rs13052926 in BACE2 (meta-analyzed across multiple

replication studies p ¼ 3.45 3 10�4) replicated in one or

more studies at p < 0.05 (Table 1; see Materials and

methods).

Variant rs11466334, located in intron 3 of the transform-

ing growth factor beta-1 (TGFB1, MIM: 190180) gene, is

common in the African ancestry (6.8%) and Hispanic

(1.3%) populations and is rare in the other groups

(<1%). The association with rs11466334 was statistically

significant in the African ancestry (OR ¼ 1.27, 95% CI ¼
1.17–1.38, p ¼ 2.06 3 10�8; Table 1; Figure 1) and also in

African/Hispanic multiethnic analysis (OR ¼ 1.26, 95%

CI ¼ 1.16–1.35, p ¼ 3.61 3 10�9). It was replicated in the

MEDIA African ancestry T2D consortium (RAF ¼ 7.5%,



Table 1. T2D risk variants from discovery PAGE þ DIAGRAM meta-analysis and replication studies

Chromosome:
position (rs #)

Nearest
gene

R/O
allelea Stage Study

Ancestry
group

Cases/control
subjects

Risk allele
frequencyb OR (95% CI) p value

19: 41847737
(rs11466334)c

TGFB1 A/G discovery PAGE African 8,591/16,887 0.068 1.27 (1.18–1.35) 2.06E�08

replication MEDIA African 10,160/13,231 0.075 1.32 (1.19–1.46) 2.83E�07

replication 23andMe African 7,521/82,988 0.062 1.36 (1.26–1.48) 4.02E�14

replication Africa T2D African 2,663/1,714 0.079–
0.116dd

1.41 (1.23–1.63) 1.20E�06

replication meta-analysis African 20,344/97,933 1.35 (1.26–1.39) 6.26E�23

21:42585088
(rs13052926)

BACE2 A/G discovery PAGEþ
DIAGRAM

multiethnic 53,102/193,679 0.726–
0.957d

1.08 (1.05–1.10) 5.75E�09

discovery PAGE European 29,832/147,369 0.831 1.09 (1.05–1.13) 1.77E�06

discovery PAGE Hispanic 9,913/22,958 0.830 1.06 (1.01–1.12) 0.026

discovery PAGE Asian 3,124/4,313 0.966 1.31 (1.07–1.59) 0.007

discovery PAGE African 8,591/16,887 0.726 1.05 (1.01–1.10) 0.028

discovery PAGE Native
Hawaiian

1,642/2,152 0.912 1.02 (0.84–1.23) 0.869

replication AGEN Asian 77,418/356,122 0.960 1.04 (0.99–1.08) 0.080

replication MEDIA African 10,160/13,231 0.726 1.01 (0.97–1.08) 0.484

replication DIAMANTE/
LATINO

Hispanic 4,806/6,515 0.869 1.01 (0.90–1.13) 0.877

replication SIGMA Hispanic 1,817/2,284 0.884 0.96 (0.83–1.11) 0.542

replication 23andMe European 109,274/1,543,466 0.838 1.02 (1.00–1.03) 0.013

replication 23andMe African 7,521/82,988 0.739 1.00 (0.96–1.05) 0.880

replication 23andMe East Asian 2,237/72,819 0.957 1.04 (0.89–1.23) 0.587

replication 23andMe South Asian 1,171/18,874 0.848 1.36 (1.18–1.56) 1.79E�05

replication 23andMe Latino 13,985/237,247 0.841 1.03 (0.99–1.08) 0.104

replication meta-analysis 228,389/2,333,546 1.02 (1.01–1.03) 3.45E�04

aR/O allele denotes risk/other allele.
bCalculated from T2D MEGA control subjects or WHI T2D control subjects for EUR.
cRAF % 1% in all non-African populations.
dRAF range across sub-studies.
OR ¼ 1.32, 95% CI ¼ 1.19–1.46, p ¼ 2.83 3 10�7); in a

study conducted in South Africa, Nigeria, Ghana, and

Kenya (RAF ¼ 7.9%–11.6%, OR ¼ 1.41, 95% CI ¼ 1.23–

1.63, p ¼ 1.20 3 10�6);31 and in individuals of African

ancestry from 23andMe (RAF ¼ 6.2%, OR ¼ 1.36, 95%

CI ¼ 1.26–1.48, p ¼ 4.02 3 10�14).

The risk allele (A) of rs1146634 is predicted to alter

binding affinity of a number of transcription factors

(e.g., CTCF, Maf, Rad21, SMC3, TAL1, and YY1) by

inducing a motif change, as evidenced by differential po-

sition weight matrix scores > 10 from HaploReg 4.1 (Table

S5). The variant is also located in a predicted CTCF peak,

based on ChIP-seq data from multiple cell lines (pancreas,

transverse colon, esophagus squamous epithelium, adre-

nal gland) within ENCODE, which suggests it may be bio-

logically functional (Figure S3). Variant rs11466334 was

found to be associated with the expression of a nearby

gene, ATP5SL (MIM: 617262), within whole blood (p ¼
Hu
2.9 3 10�7) in GTEx (version 8). HiC chromatin interac-

tion maps indicate that this variant possibly regulates

genes HNRNPUL1 (MIM: 605800), CCDC97 (HGNC:

28289), TGFB1 (MIM: 190180), B9D2 (MIM: 611951),

EXOSC5 (MIM: 606492), BCKDHA (MIM: 608348),

B3GNT8 (MIM: 615357), and ATP5SL (MIM: 617262)

(Figure S4).

Variant rs13052926 is located in intron 3 of the Beta-sec-

retase 2 (BACE2, MIM: 065668) gene and was common in

all ancestry groups (RAF ¼ 72.5%–95.7%). A genome-

wide significant association for this variant was observed

in the multiethnic meta-analysis (OR ¼ 1.08, 95% CI ¼
1.05–1.10, p ¼ 5.75 3 10�9; Table 1; Figure 2), with the

strongest associations observed in the European popula-

tion (OR ¼ 1.09, 95% CI ¼ 1.05–1.13, p ¼ 1.77 3 10�6),

followed by the Asian (OR ¼ 1.31, 95% CI ¼ 1.07–1.59,

p ¼ 0.0074), Hispanic (OR ¼ 1.06, 95% CI ¼ 1.01–1.12,

p ¼ 0.026), and African populations (OR ¼ 1.05, 95%
man Genetics and Genomics Advances 2, 100029, April 8, 2021 5



Figure 1. Locus zoom plot of rs11466334
region
Locus-zoom plot of PAGE African ancestry
T2D associations with surrounding variants
(color coded by r2 bin) and replicated index
variant, rs11466334 (denoted by purple
diamond), using African linkage disequilib-
rium (LD). The x axis represents the
chromosomal position, the left y axis repre-
sents �log10 (p value) of the association
between the genetic variant and T2D, and
the right y axis represents recombination
rate.
CI ¼ 1.01–1.10, p ¼ 0.28), with no evidence of association

observed in Native Hawaiians (Table S4).

GRS

Results for the multiethnic- and population-specific-

weighted GRSs constructed using 579 previously identified

variants are shown in Figure 3 and Table S6. Comparing in-

dividuals in the top 10% of themultiethnic-weighted GRSs

to those at average genetic risk in the 40%–60% GRS cate-

gory, we observed significant differences in effect estimates

by population (heterogeneity p ¼ 3.85 3 10�20), with T2D

risk being greatest for individuals from Asians (OR ¼ 3.08,

95% CI ¼ 2.40–3.95), followed by European (OR ¼ 2.94,

95% CI ¼ 2.80–3.08), Hispanic (OR ¼ 2.39, 95% CI ¼
2.10–2.73), Native Hawaiian (OR ¼ 2.02, 95% CI ¼ 1.54–

2.65), and African populations (OR ¼ 1.57, 95% CI ¼
1.39–1.77). A similar pattern was observed for the top 1%

of the multiethnic-weighted GRS, with greater T2D risk

observed for individuals in Asians (OR ¼ 5.68, 95% CI ¼
3.11–10.35), followed by European (OR ¼ 5.02, 95% CI ¼
4.58–5.50), Native Hawaiian (OR ¼ 3.92, 95% CI ¼ 2.18–

7.05), Hispanic (OR ¼ 3.48, 95% CI ¼ 2.61–4.64), and

African populations (OR ¼ 2.46, 95% CI ¼ 1.86–3.25) (het-

erogeneity p ¼ 2.06 3 10�5).

AUCs for the multiethnic-weighted GRS ranged from

0.568 in African ancestry populations to 0.659 in Euro-

pean ancestry populations (without adjustment for covari-

ates; see Material and Methods for analytic details). When

including covariates in the model with the multiethnic-

weighted GRS, AUCs ranged from 0.670 in African

ancestry populations to 0.841 in Asian ancestry popula-

tions (Table S7). Interestingly, the multiethnic-weighted

GRSs typically had stronger effect estimates and AUCs

when compared to the population-specific-weighted

GRSs across populations (Tables S6 and S7; Figure 3).

We found significant suggestive differences in the

multiethnic-weighted GRS effects on T2D risk between
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BMI strata (stratified at population-spe-

cific median cutoffs), particularly

comparing BMI strata within the

top 10% GRS decile (Table S8). In

particular, the top GRS decile had a

greater effect on T2D risk for those

with lower BMI (<median) compared
to those with higher BMI in all populations except

Asians and Native Hawaiians, with a significant difference

observed in European populations (OR ¼ 3.42, 95%

CI ¼ 3.06–3.82 in those with lower BMI versus

OR ¼ 2.78, 95% CI ¼ 2.63–2.93 in those with higher

BMI; Ptest for interaction ¼ 0.003).

In aggregate, the 582 variants used in the GRS were esti-

mated to explain 15.3% (European), 11.8% (African),

13.3% (Asian), 15.3% (Hispanics), and 14.3% (Native

Hawaiian) of the familial relative risk of T2D in these pop-

ulations (Table S9).
Discussion

Our multiethnic GWAS meta-analysis of T2D in men and

women from European, Asian, African, Hispanic, and

Native Hawaiian populations led to the identification of

two T2D risk loci that replicated in independent samples.

One of the risk variants, rs11466334 within intron 3 of

the TGFB1 gene, was only found in African ancestry popu-

lations, highlighting the importance of conducting multi-

ethnic studies in order to identify genetic loci that are not

otherwise discoverable in individuals of European

ancestry. A robust effect size of the rs11466334 variant

within TGFB1 was similar (OR ranged from 1.27 to 1.41)

to the effect associated with variant rs7903146 in the

TCF7L2 gene (OR ¼ 1.37).6

Notably, the African-ancestry-specific T2D risk variant

rs11466334 strongly replicated in three additional African

ancestry studies. Within the African ancestry discovery

and replication studies, the risk allele frequency ranged

from 6% in African Americans to 12% in African continen-

tal subgroups31 and was either monomorphic or had a very

low frequency (<1%) in non-African populations. The

variant is predicted to disrupt the CTCF binding motif,

changing the position weight matrix logarithm of the



Figure 2. Locus zoom plot of rs13052926
Locus-zoom plot of PAGE þ DIAGRAM
multiethnic T2D associations with sur-
rounding variants (color coded by r2 bin)
and the replicated index variant,
rs13052926 (denoted by purple diamond),
using European LD. The x axis represents
the chromosomal position, the left y axis
represents �log10 (p value) of the associa-
tion between the genetic variant and T2D,
and the right y axis represents recombina-
tion rate.
odds score from 11.5 to �0.02. CTCF is enriched at chro-

matin interaction anchors, potentially regulating the

communication between an enhancer region and a pro-

moter, and has a role in shaping three-dimensional chro-

matin organization.39 Chromosomal interactions via loop-

ing may affect gene expression in the region.40 Comparing

the CTCF binding profiles of 25 tissue types near

rs11466334, we found the CTCF signal present in stomach,

transverse colon, spleen, thyroid gland, and pancreas tis-

sues, suggesting that this CTCF peak has a regulatory role

in tissues involved in T2D (Figure S3). Further investiga-

tion of rs11466334 in GTEx showed that this variant

significantly predicted tissue expression of the nearby

gene ATP synthase subunit s-like protein (ATP5SL) but

not TGFB1. Furthermore, in a study mapping quantitative

trait loci associated with T2D in adipose and muscle tissue

of African American individuals from the MEDIA consor-

tia, a cis-eSNP (rs7259208) within the ATP5SL gene was

significantly associated with ATP5SL expression (p ¼
1.20 3 10�5).41 The protein encoded from the ATP5SL

gene is required for assembly of the mitochondrial com-

plex I; however, the role of ATP5SL with T2D is unknown.

These two variants in TGFB1 and ATP5SL are moderately

correlated (linkage disequilibrium calculations based on

the Yoruba in Ibadan, Nigeria [YRI] population between

rs11466334 and rs7259208, r2 ¼ 0.30 and D0 ¼ 0.57).

Together, these data suggest that allele change of

rs11466334 may disrupt CTCF binding to alter expression

of nearby target genes; however, additional studies will

be needed to understand the biological association with

T2D risk.

The TGFB1mechanistic link to diabetes may involve the

disruption of the adaptive b cell expansion from TGF-b

signaling, as evidenced in both cell line and mouse exper-

imental studies.42 The TGFB1 gene encodes a secreted

ligand that binds to TGF-b receptors leading to activation

of the SMAD pathway and thereby mediating TGF-b

signaling. Inhibition of TGF-b signaling promotes human
Human Genetics and Gen
pancreatic b cell replication, which is

an adaptive response to changing in-

sulin demands. From in vivo mouse

and human islet cell experiments,

Dhawan et al.42 emphasized the

importance of epigenetic pathways
involved in the inhibition of TGF-b signaling and regula-

tion of the CDKN2A/B locus (Ink4a/Arf).

Variant rs13052926, identified in the multiethnic anal-

ysis, is located within the BACE2 gene, which encodes

beta-secretase 2, an enzyme that cleaves amyloid precursor

protein into amyloid beta peptide. BACE2 is expressed in

the brain and pancreas in human cell lines43 and may

play a role in amyloidogenic diseases, such as Alzheimer

disease and T2D via islet amyloid polypeptide deposits

inducing glucose tolerance defects.44 Based on knockout

mouse models and beta cell experiments,43,44 BACE2 in-

hibitors are deemed a promising drug target for T2D by

promoting beta cell survival.45 While variants within

BACE2 have not previously been identified in T2D GWASs,

a variant in the gene (rs6517656) has been associated

with fasting C-peptide levels among pregnant women

(�28 weeks gestation) in multiple ancestral groups.46

Although rs6517656 has not been GWAS-associated with

T2D, the variant is in close proximity to (1,400 base pairs)

and is in moderate to strong linkage disequilibrium with

the T2D-associated variant rs13052926 (r2 ¼ 0.41 and D0

¼ 0.997 in all populations, and r2 ¼ 0.97 and D0 ¼ 1.0

for European ancestry).

We also evaluated a multiethnic GRS of T2D and found

the performance to be greater in European and Asian

ancestry populations, likely the result of the larger sam-

ple sizes of these two populations in the Vujkovic

et al.5 data used to develop the GRS. Interestingly, the

multiethnic GRS typically performed better than the

population-specific GRS, a finding that has been reported

in previous studies and partially attributed to multi-

ethnic weights being more likely to converge on the

true causal effect of a variant, in addition to being esti-

mated from larger sample sizes.47,48 The OR for T2D

comparing the highest GRS decile to the average 40%–

60% GRS category based on multiethnic weights ranged

from 1.57 (95% CI ¼ 1.39–1.77) for African ancestry in-

dividuals to 2.94 (95% CI ¼ 2.80–3.08) for European and
omics Advances 2, 100029, April 8, 2021 7



Figure 3. GRS decile category by odds ra-
tio per population
Associations between GRS deciles (relative
to the 40%–60% GRS category) and T2D
by population. GRSs are weighted by multi-
ethnic (denoted by diamonds) and popula-
tion-specific (denoted by circles) effect
estimates and corresponding error bars.
The GRS is based on 582 variants and corre-
sponding weights reported in Vujkovic
et al.5
3.08 (95% CI ¼ 2.40–3.95) for Asian populations. The

discriminative ability of the multiethnic GRS estimated

by AUCs led to similar conclusions, with the highest

AUCs seen in European (AUC ¼ 0.659) and lowest in

African population groups (AUC ¼ 0.568). We also found

that the proportion of familial relative risk of T2D ex-

plained by the aggregate 582 variants used to construct

the GRS was lowest in African ancestry populations

(11.8%) and highest in European and Hispanic popula-

tions (15.3%).

We compared the effect of the GRS on T2D stratified by

BMI and found that the GRS had a larger effect in those

with lower BMI, suggesting that the role of genetics in

T2D risk may be stronger in individuals at low non-genetic

risk. Given the suggestive findings of BMI modifying the

effect of the GRS on T2D risk, it will be important for future

studies to investigate whether other risk factors modify the

effect of the GRS on T2D risk, whichmay account for some

of the population differences observed in the discrimina-

tive ability of the GRS.

Possible limitations of our study include potential

misclassification of type 1 diabetes and T2D, as the exclu-

sion of type 1 diabetes was not routinely conducted among

all contributing cohorts. It is possible that a difference in

covariate adjustment in the 23andMe statistical replication

model, which did not include BMI, may have skewed some

replication results.

Our multiethnic investigation identified T2D genetic

risk variants and evaluated the most up-to-date GRS in

multiple populations. Future GRS studies will benefit

from larger population-specific studies to provide robust

weights for non-European ancestry populations49 and

contribute to fine-mapping efforts, as the current set of

GWAS risk variants may not be the best surrogates of the

underlying biologically functional allele in all populations.

A T2D GRS that is predictive of risk across populations

could have future utility in motivating individuals to

modify established risk factors and behaviors (i.e., quitting

smoking, dietary changes, and BMI reduction) and/or seek

regular screening.
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Data and code availability

Example code for the GRS analysis performed in this study

is available on GitHub. Code for analyses using other indi-

cated software is readily available from the websites of the

corresponding software. Summary-level (PAGE) and indi-

vidual-level (ARIC [Atherosclerosis Risk in Communities],

HCHS/SOL [Hispanic Community Health Study/Study of

Latinos], MESA, and PAGE) data are available at DbGaP:

phs000090.v1.p1 (ARIC), phs000810.v1.p1 (HCHS/SOL),

phs000293.v1 (MESA), phs000.56.v1.p1 (PAGE), and

phs000200.v1 (Women’s Health Initiative).
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.xhgg.2021.100029.
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