
Genome-wide analysis identifies an African- specific variant in 
SEMA4D that is associated with Body Mass Index

Guanjie Chen#1, Ayo P. Doumatey#1, Jie Zhou1, Lin Lei1, Amy R. Bentley1, Olufemi 
Fasanmade2, Godfrey Okafor3, Benjamin Eghan Jr4, Kofi Agyenim-Boateng4, Albert 
Amoah5, Clement Adebamowo6, Joseph Acheampong4, Thomas Johnson2, Johnnie Oli3, 
Daniel Shriner1, Adebowale A. Adeyemo1, and Charles N. Rotimi1

1 Center for Research on Genomics and Global Health, National Human Genome Research 
Institute, National Institutes of Health, Bethesda, Maryland, USA, 20892

2 University of Lagos, College of Medicine, Endocrine and Metabolic Unit, Lagos, Nigeria

3 University of Nigeria Teaching Hospital, Department of Hematology, Enugu, Nigeria

4 University of Science and Technology, Department of Medicine, Kumasi, Ghana

5 University of Ghana Medical School, Department of Medicine and Therapeutics, Accra, Ghana

6 University of Maryland School of Medicine, Baltimore, Maryland, USA

# These authors contributed equally to this work.

Abstract

Objective—The prevalence of obesity varies between ethnic groups. No GWAS for BMI has 

been conducted in continental Africans.
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Methods—We performed a GWAS for body mass index (BMI) in 1,570 West Africans (WA). 

Replication was conducted in independent samples of WA (n=1,411) and African Americans (AA) 

(n=9,020).

Results—We identified a novel genome-wide significant African-specific locus for BMI 

(SEMA4D, rs80068415; MAF = 0.008, p = 2.10×10−8). This finding replicated in independent 

samples of WA (p = 0.013) and AA (p = 0.017). Individuals with obesity had higher serum 

Sema4D levels compared to those without obesity (p < 0.0001), and elevated levels of serum 

Sema4D were associated with increased obesity risk (OR=4.2; p < 1×10−4). The prevalence of 

obesity was higher in individuals with the CT vs. TT genotypes (55.6% vs. 22.9%).

Conclusions—A novel variant in SEMA4D was significantly associated with BMI. Carriers of 

the C allele were 4.6 BMI units heavier than carriers of the T allele (p = 0.0007). This variant is 

monomorphic in Europeans and Asians, highlighting the importance of studying diverse 

populations. While there is evidence for the involvement of Sema4D in inflammatory processes, 

this study is the first to implicate SEMA4D in obesity pathophysiology.
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Introduction

In 2014, the World Health Organization reported that over 1.9 billion adults were overweight 

and that about 600 million of these adults were obese. Most of the world's population now 

lives in countries where death due to overweight and obesity is greater than from 

underweight (http://www.who.int/mediacentre/factsheets/fs311/en/). A significant 

proportion of the death and morbidity attributable to obesity results from its contribution to 

specific disease outcomes, including diabetes (44%), ischemic heart disease (23%), and 

certain cancers (7 - 41%)(1). The prevalence of obesity, however, is not uniform across 

ethnic groups, and African Americans, for example, display the highest age-adjusted rates of 

obesity (47.8%) in the United States (http://www.cdc.gov/obesity/data/adult.html).

Despite the huge influence of lifestyle and culture on the prevalence of obesity, it is well 

documented that obesity clusters in families, with heritability estimates as high as 60%(2). 

Thus understanding the genetic basis of excess weight gain is a major biomedical research 

goal. Over 20 GWAS and meta-analyses for BMI have been published and more than 90 

susceptibility loci identified (3). However, none of these studies have focused on continental 

Africans. In 2005, we published the first linkage study for obesity in West Africans, which 

identified several obesity linkage regions(4). Here, we report our efforts to extend these 

findings by conducting GWAS for BMI in 1,570 unrelated West Africans. We identified a 

novel genome-wide significant variant in SEMA4D. To further understand the significance 

of this gene in obesity, we evaluated the association of serum Sema4D levels with obesity. 

Together, these analyses provide evidence for a novel BMI locus at SEMA4D, and highlight 

the importance of conducting genomic analyses in diverse populations(5).
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Methods

Study design

Individuals included in the GWAS discovery samples were drawn from the Africa America 

Diabetes Mellitus (AADM) study, a large, ongoing genetic epidemiology study of type 2 

diabetes (T2D) and related traits, including obesity(6). Demographic information was 

collected using standardized questionnaires across the AADM study centers in Nigeria, 

Ghana and Kenya. Anthropometric and other clinical parameters were measured by trained 

study staff during a clinic visit. Weight was measured in light clothes on an electronic scale 

to the nearest 0.1 kg, and height was measured with a stadiometer to the nearest 0.1 cm. 

BMI was computed as weight (kg) divided by the square of height in meters (m2). Obesity 

was defined as BMI ≥ 30 kg/m2. The diagnosis of T2D was based on the 1999 America 

Diabetes Association Expert Committee(7, 8) Criteria: a fasting plasma glucose 

concentration ≥ 126 mg/dl (7.0 mmol/l), a 2-h post load value in the oral glucose tolerance 

test ≥ 200 mg/dl (11.1 mmol/l) on more than one occasion, or taking medication for 

physician-diagnosed T2D.

Genotyping and quality control

A total of 1,822 individuals were genotyped at the Children's Hospital of Philadelphia 

(CHOP) core laboratory using the Affymetrix Axiom® PanAFR array 

(www.affymetrix.com). Given that the discovery GWAS was restricted to West Africans 

with planned replication in African Americans (who have predominantly West African 

ancestry), we excluded 332 non-West Africans. In addition, we removed duplicate (n=11) 

and sex-discordant (n=13) individuals for a total of 1576 participants included in the 

analysis. A total of 2,217,748 SNPs were subjected to QC filters as follows: 1) call rate ≤ 

90% (excluded 22,509 SNPs), Hardy-Weinberg p-value < 10−6 (excluded 10,282), MAF < 

0.01 (excluded 46,562), and non-autosomal SNPs (excluded 61,087); a total of 2,077,308 

SNPs in 1576 individuals were retained and carried forward for discovery GWAS analyses. 

Human Genomic reference 19 (hg19) was used in these analyses.

Imputation

Imputation was performed using the 1000 Genomes reference data (1000G Phase 1 V3, 

http://www.sph.umich.edu/csg/abecasis/MACH/download/) with a total of 1092 individuals 

(AFR 246, AMR 181, ASN 286, and EUR 379)(9). The MaCH-Admix(10) algorithm was 

used for imputation. Dosage r2 and quality scores were used to measure imputation quality. 

Dosage r2 is the squared Pearson correlation between the estimated allele dosages and the 

true experimental genotype. The quality score is the average posterior probability for the 

most likely genotype(11). For imputed variants for which we had experimental genotypes, 

the imputation quality was high: the first (Q1) and third (Q3) quartiles of r2 scores were 

0.9824, and 0.9964, respectively, and Q1 and Q3 of quality scores were 0.9965, and 0.9992. 

A total of 28,032,917 SNPs were successfully imputed (i.e. the imputation yield). After 

applying the filters of Minor Allele Count (MAC) < 5 and r2 < 0.3(12), a total of 14,620,866 

SNPs were excluded. The Q1 and Q3 of r2 scores were 0.7840, and 0.9578, respectively, and 

Q1 and Q3 of quality scores were 0.9739, and 0.9939, respectively, in the remaining 

13,412,051 imputed SNPs. The minimum quality score was 0.5701.
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Statistical analyses

To minimize the potential effect of population structure, we adjusted all analyses by the first 

two principal components (PC1 and PC2) obtained from R package, SNPRelate (13), which 

generates genetic covariance matrix followed by the extraction of eigenvalues and 

eigenvectors for the calculation of PCs. Genome-wide association analyses were performed 

using mach2qtl (14) which accepts imputed dosages or posterior probabilities from MaCH-

Admix output. BMI was regressed on age, sex, T2D status, duration of T2D, and the first 

two principal components of the genotypes. Six individuals missing phenotype data were 

excluded for a total of 1570 subjects included in the GWAS. Although genome-wide 

significance and suggestive evidence of association are usually set at p-value = 5 × 10−8 and 

5 × 10−7 respectively (15, 16), we used the more conservative p-values of 2.5 × 10−8 and 2.5 

× 10−7 as our threshold values given the greater genomic diversity and, thus, greater number 

of tests in West Africans. Analysis of serum Sema4D (sSema4D) concentration by obesity 

status was performed using regression, and discrete trait analyses were performed using 

logistic regression with adjustments for sex, age, T2D, and duration of T2D. For this set of 

analyses, two-tailed p-values < 0.05 were considered statistically significant. Metal was used 

to conduct fixed-effects meta-analysis (http://genome.sph.umich.edu/wiki/

METAL_Documentation).

ELISA Assay for Serum soluble Sema4D

An enzyme-linked Immunoabsorbent Assay (ELISA) Kit for SEMA4D (Cloud-Clone Corp 

[www.cloud-clone.us]) was used to measure serum soluble SEMA4D (sSEMA4D) levels in 

the 1,343 unrelated individuals in the GWAS study. This test is a sandwich enzyme 

immunoassay in which the microplate is pre-coated with an antibody specific to sSEMA4D. 

Standards or samples are then added to the appropriate microplate wells with a biotin-

conjugated antibody specific to SEMA4D. Next, Avidin conjugated to Horseradish 

Peroxidase (HRP) is added to each microplate well and incubated. After TMB substrate 

solution is added, only those wells that contain sSEMA4D, biotin-conjugated antibody and 

enzyme-conjugated Avidin will exhibit a change in color. The enzyme-substrate reaction is 

terminated by the addition of sulphuric acid solution and the color change is measured 

spectrophotometrically at a wavelength of 450 nm. The concentration of sSEMA4D in the 

samples is then determined by comparing the optical densities (OD) of the samples to the 

standard curve. The measurement unit of sSEMA4D is ng/ml. The third quartile value of 

sSEMA4D was used to categorize sSema4D into binary trait; log-transformed values of 

sSEMA4D were used for continuous trait analyses.

De novo genotyping for validation and replication

Using the Sequenom iPLEX platform, we performed de novo genotyping in 1,506 West 

Africans who were not included in the discovery sample to perform exact replication (1,411 

were available for analysis after QC). Replication analyses were also performed in 9,020 

African Americans obtained from the Atherosclerosis Risk in Communities study (ARIC, n 

= 3,137)(17), Cleveland Family Study (CFS, n = 653)(18), Howard University Family Study 

(HUFS, n = 1,976)(19), Jackson Heart Study (JHS, n = 2,187)(20), and Multi-Ethnic Study 

of Atherosclerosis (MESA, n = 1,611)(21). Human genomic reference (hg19) was used in 
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the analysis. LiftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver) was used to convert 

genome coordinates and genome annotation between assemblies. The Generalized Linear 

Mixed Model Association Test (GMMAT, https://www.hsph.harvard.edu/han-chen/software) 

was used to perform association tests. We modeled cryptic relatedness as a random effect 

and included covariates for sex, age, T2D status, and the first two principal components 

(PC1 and PC2). Score tests (SCORE and VAR values) were performed for each variant in 

the GWAS. Results were transformed into Wald test values (beta = SCORE/var, SE = 1/

sqrt(var)) to compare with our discovery GWAS results.

Power calculation was performed using QUANTO (http://biostats.usc.edu/software). Power 

estimation included the respective mean and standard deviation of BMI, the effect size, and 

allele frequency for discovery, and replication samples. Power was estimated for an additive 

genetic model and two-tail tests with α of 2.5 × 10−8 (i.e., 0.05/2000000) for discovery 

GWAS, and α of 0.05 for the validation and replication samples.

Results

The participants in the discovery GWAS had a relatively high mean BMI, reflecting the fact 

that these individuals were drawn from a T2D case control study (Table 1). Overall, the 

discovery GWAS identified one variant that reached genome-wide significance and 5 with 

suggestive evidence of association (Manhattan Plot, Figure 1; QQ Plot (λ = 1.01), Figure 
S1; Table 2). SNP rs80068415 (C allele, MAF 0.008) was significantly associated with BMI 

(β 5.87, p-value 2.10 × 10−8, power = 0.81). This variant is located in the intron of 

SEMA4D (Sema domain, immunoglobulin domain, transmembrane domain, and short 

cytoplasmic domain 4D; GeneID: 10507, 9q22.2). The regional plot of rs80068415 is 

displayed in Figure 2. Results of the discovery and replication analyses are presented in 

Table 3. To increase our confidence in the rs80068415 association, we genotyped the SNP in 

a separate sample of our West African participants (Table 1); we replicated the association 

with BMI using the genotyped data (n = 1,411, C allele, MAF = 0.0086, p-value 1.31× 

10−2). In addition, this association was replicated in a large sample of African Americans 

(Table 1; n = 9,020, C allele: MAF = 0.006, p value = 1.69 × 10−2). We observed a 

consistent direction of effect across all three samples included in our meta-analysis of 

rs80068415 (C allele, direction +++, β(SE) = 2.889(0.508); p=1.34 × 10−8; Table 3). The 

mean BMI of CT heterozygotes (31.90 ± 5.99 kg/m2) is significantly higher compared to the 

TT homozygotes (26.62 ± 5.26 kg/m2; p= 7.0 × 10−6). Similarly, the percentage of obesity 

(BMI ≥ 30kg/m2) in CT heterozygotes is 55.56% comparing with 22.87% in TT 

homozygotes with an odds ratio of 4.22 [1.66, 10.72].

We also observed suggestive evidence of association at 5 loci: 1) rs74349012 (MAF 0.03) 

located in the intron of NOSTRIN (Gene ID 115677, 2q31.1) with a p-value of 1.30 × 10−7 

(regional plot: Figure S2); 2) rs116300832 (MAF 0.03) located in the intron of PPP2R2B 
(Gene ID 5521, 5q32) with p-value of 1.26 × 10−7 (regional plot: Figure S3); 3) two SNPs 

(rs139014794 and rs145047868) and an indel (35314600 bp) in the intron of SLC1A2 (Gene 

ID 6505, 11p13-p12) with p-values of 7.56 × 10−8, 9.54 × 10−8, and 9.28 × 10−8, 

respectively (regional plot: Figure S4); 4) an indel located at 42277454 bp in the intron of 

LRFN5 (Gene ID 145581, 14q21.1) with p-value 9.16 × 10−8 and 5) two exonic SNPs 
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(rs7178634 and rs7178777) in NUSAP1 (Gene ID: 51203, 15q15.1) with p-values of 2.15 × 

10−7, and 1.85 × 10−7, respectively (regional plots: Figures S5 and S6, respectively).

A total of 1,343 of the individuals in the GWAS were assayed for circulating sSEMA4D 

levels to evaluate the relationship between sSEMA4D, obesity and rs80068415 (Figure 3). 

We observed that mean sSEMA4D levels were significantly higher in individuals with 

obesity compared to individuals without obesity (p-value < 0.0001; Figure 3A) after 

adjusting for age, sex, T2D, and duration of T2D for the pooled data and for age, T2D and 

duration of T2D in gender-stratified analyses. A positive association was also found for BMI 

as a continuous trait (p= 0.0007). The partial age- and sex-adjusted correlation between 

obesity and sSEMA4D as binary trait was 0.21, and sSEMA4D was associated with a 

significant risk of obesity with an odds ratio of 4.22 (95% CI: 3.05, 5.83; p < 1×10−4) after 

adjustment for sex, age, and T2D. Log transformed sSEMA4D, as continuous trait was also 

significantly associated with BMI (p=0.00435). Carriers of the C allele were about 4.6 BMI 

unit heavier than carriers of the T allele (p = 0.0007; Figure 3B).

We investigated the association between 2,481 SNPs within SEMA4D with sSema4D level 

in 1,343 individuals that were included in the discovery GWAS. Our top result was with 

rs184536170, which was significantly associated with sSEMA4D (beta=0.69, p-value=3.5 × 

10−4; adjusted p-value= 0.01). The association between our significant BMI variant, 

rs80068415, with sSEMA4D was nominally significant (p=0.05367). rs80068415 is located 

10kb from rs184536170 with r2 < 0.1. Three additional SNPs within SEMA4D were also 

associated with sSEMA4D, rs114379626 (p=0.01328, r2 with rs80068415 = 0.26), 

rs183701477 (p= 0.0204, r2 with rs80068415 = 0.55), and rs34488061 (p=0.004047, r2 with 

rs80068415 = 0.64) but these associations did not remain significant after correcting for 

multiple testing.

Discussion

In this first GWAS for BMI in continental Africans, we identified a novel BMI locus, 

SEMA4D. We replicated this finding in 1,411 West African samples and 9,020 African 

American samples. Meta-analysis of the discovery and replication data further supports this 

finding. We also showed that circulating sSEMA4D level was significantly higher in 

individuals with obesity compared to those without obesity. Based on ENCODE data (22), 

lead SNP rs80068415 displays marked transcriptional activity (flanking the active 

transcription start site) in a diverse population of T-cells (T- helper cells, primary T-cells, T-

regulatory cells). This SNP also overlaps an enhancer in numerous tissues, including 

primary hematopoietic stem cells, and GATA2, a transcription factor bound by CHIP-seq. 

The C variant results in GATA2 motif disruption. No associated eQTL has been reported. 

The evidence from this study and the ENCODE data suggest that the C allele of r80068415 

is probably not the causal variant but more likely tracking a regulatory process that is 

controlling putative obesity-related genes. rs80068415 is likely acting through either another 

functional SNP in LD with it or trans-regulatory elements affecting obesity-related gene 

function. Deep sequencing of SEMA4D in African ancestry populations along with the use 

of a range of functional genetic techniques including gene editing could help elucidate the 

mechanism(s) by which rs80068415 is associated with BMI in Africans and African 
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Americans. Functionally, SEMA4D has been shown to play a role in cell-cell signaling, 

immune response, and bone formation(23). In the context of the findings of this paper, 

SEMA4D's role in immune response is promising given the association between 

inflammation and obesity. SEMA4D is a 150-kDa transmembrane glycoprotein expressed by 

platelets, activated B cells, dendritic cells, kidney, osteoclasts, and resting T-cells. When 

these cells are activated, SEMA4D is proteolytically cleaved, generating a biologically-

active 120-kDa fragment with paracrine/autocrine properties (24). sSema4D is a pleiotropic 

protein that has also been associated with many other inflammatory/autoimmune diseases 

including multiple sclerosis and Non Alcoholic Steato-Hepatitis (NASH). Under these 

conditions SEMA4D seems to be upregulated at the protein level through the activation and 

differentiation of T-cells and promotion of Th1 (T helper 1) differentiation (23, 25). In fact, 

T-cells have been shown to have an early and critical role in obesity. Obesity is associated 

with an increased accumulation of T-cells which are the major source of SEMA4D(26, 27). 

In addition, Th1 polarization in adipose tissues during diet induced obesity in mice has been 

reported(28).

The prevalent Th1 pattern of secreted cytokines may be regarded as a possible mechanism 

contributing to obesity related-comorbidities, including low-grade inflammation and insulin 

resistance (IR). Indeed, IR and obesity are closely related and mechanisms underlying them 

have been extensively studied(25, 26). Interestingly, SEMA4D's intracellular domain has 

been associated with activity of a serine kinase whose activation leads to insulin signaling 

inhibition, hence IR(26). While there is evidence for the involvement of SEMA4D in 

inflammatory processes through the regulation of T-cells, this study is the first to implicate 

SEMA4D in obesity pathophysiology and to suggest that SEMA44D may be a key player in 

the triangular relationship between obesity, inflammation, and metabolic comorbidities 

especially IR.

In summary, we identified and replicated a novel variant in SEMA4D (rs80068415) that is 

significantly associated with BMI in African ancestry individuals. Furthermore, we observed 

that circulating Sema4D levels were considerably higher in individuals with obesity 

compared with those without obesity. The putative role of SEMA4D in obesity appears to 

involve regulation of the transcription start site. The lead SNP, rs80068415, is polymorphic 

in Africans but monomorphic in other 1000G populations, providing a potential explanation 

for why this association has not been observed in published GWAS of European and Asian 

populations. This work highlights the importance of conducting genomic studies in diverse 

populations and identifies a novel locus that may improve our understanding of BMI-related 

physiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

1. Over 20 GWAS and/or meta-analysis for Body Mass Index/Obesity have been 

published, and more than 90 susceptibility loci identified.

2. None of these studies focused on continental Africans.

3. Heritability of obesity has been estimated to be as high as 60%.

What does this study add?

1. Semaphorin-4D (SEMA4D) was identified as a novel susceptibility locus for 

BMI in populations of African ancestry.

2. Individuals with obesity had significantly higher serum Sema4D levels 

compared to those without obesity.
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Figure 1. 
Genome-wide association results. The –log10(p-value) of associations are presented on the 

y-axis. The x-axis represents loci positions (bp). The dashed lines represent –log10 

(2.5×10-8), and -log10(2.5×10-7), for genome-wide and suggestive statistical significance 

levels, respectively.

Chen et al. Page 11

Obesity (Silver Spring). Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
SEMA4D regional plot. The x-axis represents positions (Mb), and the y-axis represents –

log10(p-values). Recombination rate and r2 scores were calculated from AFR samples in the 

1000 Genomes Project (phase1, V3).
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Figure 3. Relationships between sSema4D levels, obesity, and rs80068415
(A)Mean and standard deviation of serum Sema4D levels (ng/ml) in obese and non-obese, 

by gender, with p-values < 0.0001 in males, females, and combined. (B) Mean and standard 

deviation of BMI (kg/m2) by alleles of rs80068415 (p-value = 0.0007)
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Table 1

Basic Characteristics of Discovery and Replication studies

Discovery Replications

GWAS/validation 
* West Africans African Americans

N (% in male) 1,570 (41.75%) 1,411 (45.09%) 9,020 (41.03%)

Age (Years) 54 (47, 61) 52 (43, 61) 51 (45, 59)

Weight (Kg) 69.75 (61.22, 79.82) 66.60 (56.46, 77.00) NA

Height (M) 1.64 (1.58, 1.70) 1.64 (1.58, 1.70) NA

Body Mass Index (Kg/m2) 26.06 (22.77, 29.60) 24.45 (21.29, 28.27) 29.34 (25.51, 34.12)

Fat Mass (Kg) 21.57 (14.54, 30.49) 18.05 (11.57, 26.11) NA

Percent Fat Mass (%) 31.55 (22.00, 40.90) 27.73 (19.88, 36.75) NA

T2D (%) 902 (57.93%) 625 (41.50%) 1,509 (16.54%)

Duration of T2D (Years) 1 (0, 7) 0 (0, 4) NA

Waist (cm) 91.53 (84.00, 99.5) 88.00 (78.30, 96.50) NA

HIP (cm) 101.0 (94.5, 108.0) 97.0 (90.0, 104.3) NA

Ratio of Waist and Hip 0.91 (0.86, 0.95) 0.90 (0.85, 0.95) NA

Hypertension (%) 961 (61.84%) 730 (49.22%) NA

SBP (mmHg) 134.5 (121, 153) 130.5 (115.5, 149.5) NA

DBP (mmHg) 80 (72.5, 89) 79 (70.5, 88) NA

for continue variables presented as median (Q1, Q3)

*
Discrete variables presented as numbers (%);
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Table 3

Meta Analysis Results for rs80068415

Discovery Replication Meta Analysis

West Africans West Africans African Americans

N 1,570 1,411 9,020

Risk/Alt. C/T C/T C/T

MAF (C allele) 0.0076 0.0086 0.0058

Direction + + + +++

Beta (SE) 5.876(1.049) 2.452(0.987) 1.717(0.987) 2.889(0.508)

P values 2.10E-08 1.31E-02 1.69E-02 1.34E-08

HetPVal 0.004
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