
Multi-Variant Study of Obesity Risk Genes in African Americans: 
The Jackson Heart Study

Shijian Liu,
Shanghai Children's Medical Center, School of Public Health, Shanghai Jiaotong University 
School of Medicine, Shanghai, 200127, China

Jim Wilson,
Physiology & Biophysics, University of Mississippi Medical Center, Jackson, MS, 39216, USA

Fan Jiang,
Shanghai Children's Medical Center, School of Public Health, Shanghai Jiaotong University, 
School of Medicine, Shanghai, 200127, China

Michael Griswold,
Center of Biostatistics and Bioinformatics, University of Mississippi Medical Center, Jackson, MS, 
39216, USA

Adolfo Correa, and
Jackson Heart Study, University of Mississippi Medical Center, Jackson, MS, 39216, USA

Hao Mei

Abstract

Objective—Genome-wide association study (GWAS) has been successful in identifying obesity 

risk genes by single-variant association analysis. For this study, we designed steps of analysis 

strategy and aimed to identify multi-variant effects on obesity risk among candidate genes.

Methods—Our analyses were focused on 2,137 African American participants with body mass 

index measured in the Jackson Heart Study and 657 common single nucleotide polymorphisms 

(SNPs) genotyped at 8 GWAS-identified obesity risk genes.

Results—Single-variant association test showed that no SNPs reached significance after multiple 

testing adjustment. The following gene-gene interaction analysis, which was focused on SNPs 

with unadjusted p-value < 0.10, identified 6 significant multi-variant associations. Logistic 

regression showed that SNPs in these associations did not have significant linear interactions; 

examination of genetic risk score evidenced that 4 multi-variant associations had significant 
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additive effects of risk SNPs; and haplotype association test presented that all multi-variant 

associations contained one or several combinations of particular alleles or haplotypes, associated 

with increased obesity risk.

Conclusions—Our study evidenced that obesity risk genes generated multi-variant effects, 

which can be additive or non-linear interactions, and multi-variant study is an important 

supplement to existing GWAS for understanding genetic effects of obesity risk genes.
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Introduction

Obesity is a risk factor of many common diseases, such as hypertension, type 2 diabetes 

mellitus, cardiovascular disease and sleep apnea. Over the past decades, obesity prevalence 

continues to increase, and more than one-third of adults and 47.8% of non-Hispanic African 

American adults are obese in the USA (Ogden et al., 2014). High prevalence of obesity is 

becoming a major public health issue and the impact is substantial. The cause of obesity is 

partly attributed to unhealthy life styles including excessive calorie intake and lower 

physical activity (Catenacci et al., 2009). However, not everyone who leads a sedentary life-

style or over consumes food becomes obese, and the predisposition to obesity depends on 

genetic components.

Twin and family heritability studies have indicated that up to 80% of the variance in obesity, 

as measured by BMI, can be explained by genetic factors (Silventoinen and Kaprio, 2009; 

Hasselbalch, 2010; Iranzo-Tatay et al., 2015). Genome-wide association studies (GWAS) by 

single-variant analysis have succeeded in identifying obesity risk variants from different 

genes, including fat mass and obesity associated (FTO), neuronal growth regulator 1 

(NEGR1), neurexin 3 (NRXN3), transmembrane protein 18 (TMEM18), transcription factor 

AP-2 beta (TFAP2B) and melanocortin 4 receptor (MC4R) (Welter et al., 2014a). However, 

risk variants identified so far have tiny effects, widely known as the missing heritability 

(Manolio et al., 2009), and it is often a challenge to detect these variants following GWAS. 

In contrast to a single-variant analysis, study of multi-variant effects among GWAS-

identified obesity genes can help to improve test of risk variants while individual variants 

may not have detectable effects in a sample.

Multi-variant effects, especially gene-gene interactions, are considered as important 

components of the genetic architecture influencing susceptibility to common human diseases 

(Culverhouse et al., 2002). Investigation of obesity risk genes reported by GWAS evidenced 

that SNPs with effects that are weak or absent alone can jointly exert a large longitudinal 

effect on body mass index (BMI) from childhood to adulthood (Mei et al., 2012). Multi-

variant effects are complicated, and gene-gene interaction study by multifactor 

dimensionality reduction (MDR) showed that genetic risk variants can jointly present 

additive effects, linear or nonlinear interactions in different forms (Hahn et al., 2003; Greene 

et al., 2010). Study of obesity risk genes and examination of their multi-variant effects will 
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be an important supplement to existing GWAS and help to improve understanding of genetic 

influences on obesity development.

In the USA, African-Americans are more obese than European-American (Lewis et al., 

2000). For this study, we investigated African-American sample of the Jackson Heart Study 

(JHS) cohort (Fuqua et al., 2005), and designed steps of analysis strategy that emphasized on 

test of multi-variant associations among obesity risk genes reported by previous GWAS. Our 

purpose is to examine if these genes generate multi-variant effects on obesity risk and 

measure their sizes by deliberately designed analysis strategy.

Materials and methods

Study Participants

The JHS is a large community-based observational study of African Americans, and 

participants were recruited from urban and rural areas of the three counties of Hinds, 

Madison and Rankin in the Jackson, MS (Fuqua et al., 2005). Weight of participant was 

measured on a balance scale, in light clothing and without shoes, and recorded to the nearest 

0.5 kg. The body mass index (BMI), as a measure of obesity, was calculated as weight in 

kilograms divided by height in meters squared. Obesity status was defined according to BMI 

(Bidulescu et al., 2011). Individuals with BMI < 30 kg/m2 were considered as control, and 

those with BMI ≥ 30 kg/m2 were considered as obese cases. The study protocol was 

approved by the Institutional Review Boards at the University of Mississippi Medical 

Center.

SNP Genotyping

The Affymetrix Human SNP Array 6.0 (Affymetrix® Inc., Santa Clara, CA) was used for 

genome-wide SNP genotyping. Genomic DNA was quantitated and DNA quality was 

evaluated via gel electrophoresis. The genomic DNA samples were processed according to 

standard Affymetrix procedures for processing of the assay. The data were processed for 

genotype calling using the Affymetrix Genotypic Console software using the Birdseed 

calling algorithm version2.0 (Affymetrix®, Inc., Santa Clara, CA)(Korn et al., 2008).

Obesity Risk Genes and Quality Control

Obesity risk genes were identified by searching against the Catalog of Published Genome-

Wide Association Studies (www.genome.gov/gwastudies/) (Welter et al., 2014b), limited to 

diseases/trait categories of obesity and related traits. Top reported genes that had SNPs with 

association p-value ≤ 5 × 10-8 were selected as candidate genes for multi-variant study. 

Genomic map positions of candidate genes were identified based on Human NCBI36/hg18 

Assembly. SNPs within upstream 5kb to downstream 5kb of candidate genes were extracted 

from JHS GWAS data. PLINK 1.90 (Purcell et al., 2007) was applied to calculate individual 

missing rate, genotype missing rate and minor allele frequency (MAF), to test Hardy-

Weinberg equilibrium (HWE), and to measure pairwise linkage disequilibrium (LD). The 

criteria for SNP quality control included the genotype missing rate <5%, minor allele 

frequency (MAF) ≥5% and p-value of Hardy-Weinberg equilibrium (HWE) > 0.001.
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Statistical Analysis

Demographic variables were analyzed with age, gender and BMI. The t and Chi-square test 

were respectively applied to examine distribution difference of continuous and category 

variables. The analysis was performed using Stata software (version 13.0; College Station, 

TX, USA), and p-values were obtained based on two-sided test.

We analyzed SNPs of JHS GWAS data, and the first 10 principal components (PCs) were 

calculated from the pruned genome-wide autosomal SNPs with MAF ≥ 0.05 and pair-wise r2 

≤ 0.1 by the EIGENSTRAT method (Price et al., 2006), which are used as covariates to 

adjust for potential population structure. For every genotyped SNP of candidate genes, 

additive genetic model was adopted to test single-variant association with obesity by logistic 

regression, adjusting for age, gender and PCs. The t-statistic and odds ratio were computed 

with p-values obtained through a two-sided test, and potential risk SNPs were identified if 

they had unadjusted p-value < 0.10. The analysis was performed using PLINK software.

Potential risk SNPs were further examined and those with pairwise r2 ≤ 0.2 based on 

HapMap reference data (Yoruba in Ibadan, Nigeria) (2003) were tested for gene-gene 

interactions by method of multifactor dimensionality reduction, MDR-Phenomics (Ritchie et 

al., 2001; Mei et al., 2007). MDR is a model-free approach that tests high-order gene x gene 

interactions without assuming any particular genetic model and estimating parameters. The 

method reduces dimensionality of multi-variant genotype information to a one-dimensional 

factor with two levels—“high-risk” and “low-risk” genotypes. The MDR analysis aimed to 

identify multi-variant effects and the test was based on the hypothesis that individual SNPs 

with weak effects, which may not be detectable in a single-variant study, can jointly exert a 

large effect on obesity risk. We applied the MDR method to test all 2- to 5-variant 

associations among the candidate SNPs that were trained and tested by 10-1 cross-

validation, and measured by prediction error (PE). Association p-values, adjusted for 

multiple testing, were obtained by 1,000 permutation tests, and the significance was defined 

as adjusted p -value ≤ 0.05.

For significant multi-variant associations, linear interactions between SNPs were examined 

by logistic regression, and additive effects of SNPs were investigated through test of genetic 

risk score (GRS) association. A SNP risk allele was the one that had increased odds of 

obesity at the single-variant logistic regression analysis, and GRS was computed as the total 

number of risk alleles in the multi-variant association (Cornelis et al., 2009). Association of 

GRS with obesity was tested by logistic regression among men, women and total sample 

separately.

Significant multi-variant associations were lastly explored to investigate effects for 

combinations of particular alleles or haplotypes across SNPs by haplotype omnibus, 

conditional and specific analysis using PLINK: logistic regression with omnibus test was 

applied to examine overall haplotype association with obesity; independent SNP effects in a 

haplotype association were evaluated by haplotype conditional test and effect of a particular 

haplotype or combination of SNP alleles was measured by the specific analysis. For both the 

GRS and haplotype association tests, the Bonferroni correction was applied to adjust for 
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multiple testing, and the threshold of significant p-value was defined as 0.05 divided by the 

number of significant multivariant associations identified by the MDR analysis.

Results

Steps of analysis strategy for present study were summarized in Figure 1. The study consists 

of 2,145 participants of African American with GWAS data. Eight participants with missed 

gender were removed, and the final sample size is 2,137, including 1,188 obese cases and 

949 non-obese controls. The male participants account for 30.64% of cases and 50.26% of 

controls, and the difference was significant (p < 0.001). The male BMI was 35.64 ± 6.08 in 

case and 26.13 ± 2.67 in control, and the p-value of difference was p < 0.001. It was also 

significantly different for female BMI between case (37.98 ± 7.08) and control (26.13 
± 2.71) (p<0.001).

GWAS Candidate Genes and SNPs

We identified top 10 obesity candidate genes with SNP association p-values ≤ 5.0 × 10-8 

from the GWAS catalog (Cotsapas et al., 2009; Meyre et al., 2009; Jiao et al., 2011; Berndt 

et al., 2013; Wheeler et al., 2013), and 8 genes were found to have genotyped SNPs in the 

JHS GWAS, whose characteristics were described in Supplementary Table 1. We retrieved 

gene map positions of transcription start and termination sites from the UCSC genome 

browser (Karolchik et al., 2014) based on the reference genome build of NCBI 36 assembly, 

and extracted 675 genotyped SNPs of the 8 candidate genes from the JHS GWAS. The SNP 

QC removed 1 variant with MAF<1% and 3 variants with HWE p<0.001, and the final 671 
SNPs were used for the follow-up analyses.

Single-variant Association Analysis

We conducted test of single-variant association with obesity by logistic regression with age, 

gender and PCs as covariates. As a result, 57 SNPs had unadjusted p-value < 0.10, but no 

one is significant after Bonferroni correction. Of them, 30 SNPs that have mutual r2 <0.2 
with the smallest p-values were identified. MC4R was widely reported as obesity risk gene. 

Although the gene did not have genotyped SNPs with unadjusted p-value < 0.10, we 

manually selected rs2229616 that had the smallest p-value with the 30 SNPs as potentially 

risk SNPs. These SNPs were examined for multi-variant and gene-gene interaction effects, 

and their MAFs, HWE p-values, association t-statistics, p-values and ORs were summarized 

in Table 1.

Multi-variant Association Analysis

We tested gene-gene interactions among the 31 candidate risk SNPs by the method of 

multifactor dimensionality reduction, MDR-Phenomics (Mei; Mei et al., 2007), and 

identified 6 significant multi-variant associations with adjusted p-value ≤ 0.05. However, 

logistic regression test showed that no linear interaction terms of SNPs in the associations 

reached significance. Results of the 6 multi-variant associations were summarized at Table 

2, which included involved SNPs, corresponding genes, PE and permutation p-value (PPE) 

by MDR, Z statistic, standard error (SE) and interaction p-value (PGL) by logistic regression.
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Of the 6 significant findings, there are three 2-variant associations including rs10493485 and 

rs12132044 (SNP 3 + 7) from NEGR1 (PPE = 0.013, PGL = 0.224), rs6545758 and 

rs10498537 (SNP 12 + 15) from ADCY3+NRXN3 (PPE = 0.043, PGL = 0.019), and 

rs11030119 and rs8016688 (SNP 14 + 20) from BDNF+NRXN3 (PPE = 0.007, PGL = 

0.149); there are two 3-variant associations observed from NRGR1+NRXN3 including 

rs1334000, rs11209935 and rs8021394 (SNP 1 + 9 + 22) with PPE = 0.047 and PGL = 0.749, 

and rs2046503, rs10498537 and rs8016688 (SNP 6 +15 + 20) with PPE = 0.004 and PGL = 

0.258; and the only 4-variant association of rs1334000, rs11209935, rs4903847 and 

rs10521303 (SNP 1 + 9 +16 +27) was identified from genes of NRGR1+NRXN3+FTO with 

PPE = 0.042 and PGL = 0.162.

GRS Association Analysis

We calculated the GRS for the additive genetic effect of the 6 significant multi-variant 

associations. Association test of the GRS was shown at the Table 3 and the threshold of 

significant p-value is 8.33×10-3. Multi-variant associations of SNP 14+20 and 1+9+22 had 

significant GRS effects in nearly all groups: the OR (p-value) was 1.27 (2.00E-03), 1.19 
(9.20E-03) and 1.23 (2.68E-05) for SNP 14+20, and 1.26 (3.65E-04), 1.15 (7.03E-03) and 

1.19 (7.61E-06) for SNP 1+9+22 in Men, Women and total sample respectively. The GRS 

associations of SNP 3+7 and 6+15+20 were significant in Men and total sample, but not in 

Women: the OR (p-value) was 1.33 (5.83E-03), 1.13 (0.14) and 1.19 (4.17E-03) for SNP 

3+7, and 1.16 (1.90E-02), 1.10 (0.08) and 1.13 (1.81E-03) for SNP 6+15+20 in Men, 

Women and total sample respectively.

Haplotype Association Analysis

We examined haplotype effects of the 6 significant multi-variant associations, and the results 

were summarized in Table 4, including multi-variant haplotype, frequency, OR and p-value 

of haplotype omnibus (Pomni), conditional (Pcond) and specific (Pspec) association tests. The 

threshold of significant p-value is 8.33×10-3, based on the Bonferroni correction. For the 2-

variant association of SNP 3+7 (NEGR1 rs10493485 and NEGR1 rs12132044), haplotype 

omnibus analysis showed that 4 haplotypes had overall effect of Pomni =0.028; conditional 

analysis indicated that SNP 3 and 7 had independent marginal effects with Pcond = 0.068 and 

0.048 respectively. Compared to the TA, haplotypes of AA, TG and AG had OR of 2.06, 

2.39 and 2.23, and none was significant. However, the specific haplotype association test 

showed that TA versus the group of AA, TG and AG had significant p-value of Pspec 

=3.92E-03.

Two-variant associations of SNP 12+15 (rs6545758 and rs10498537) had significant 

omnibus haplotype effects with Pomni =4.57E-03, and SNP 15 (Pcond =0.006) had an 

independent marginal effect with much smaller p-value than SNP 12 (Pcond =0.061). 

Haplotypes of TT, CC and TC versus CT had OR of 0.93, 0.97 and 0.71 respectively, and the 

specific test of haplotype TC versus all other haplotypes had OR=0.71 with significant p-

value of Pspec = 3.45E-04. Multi-variant associations of SNP 14+20 (rs11030119 and 

rs8016688) also had significant omnibus haplotype effects with association p-value of Pomni 

=1.33E-3, and SNP 14 and 20 respectively had conditional effects with p-values of Pcond 

=0.049 and 0.009. ORs of GG, AA and GA versus reference haplotype AG were 1.19, 1.31 
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and 1.60 respectively and AG versus all other 3 haplotypes had specific effect with 

significant p-value of Pspec = 2.08×10-3.

For 3-variant association of SNP 1+9+22 (rs1334000, rs11209935 and rs8021394), omnibus 

test showed that haplotype effects had significant p-value of Pomni =2.15×10-4. The SNP 1, 9 

and 22 had conditional effects with significant p-values of Pcond =0.004, 0.003 and 0.003 
respectively. Compared to the AAC, all other haplotypes had specific effects with OR<1 and 

AGT had the smallest OR of 0.43 with significant Pspec = 3.67×10-4. For 3-variant 

association of SNP 6+15+20 (rs2046503, rs10498537 and rs8016688), omnibus test showed 

it had an overall effect with Pomni =0.02, which however did not reach significance. 

Conditional analysis presents that only SNP 6 had independent effect with p-value <0.05 

(Pcond =0.025). Compared to reference haplotype GTG, haplotypes of GCG, ACG and ATA 

had specific effects with p-values of Pspec =0.009, 0.006 and 0.02 respectively.

For the 4-variant association of SNP 1+9+16+27 (rs1334000, rs11209935, rs4903847 and 

rs10521303), the p-value of the omnibus test was Pomni =1.55×10-3; the SNP 1,9,16 and 27 

respectively had independent effects with p-values of Pcond = 0.012, 0.010, 0.003 and 0.003. 

Compared with reference haplotype AATG, all haplotypes except AACG showed OR >1 and 

CATG (Pspec = 0.04), CACG (Pspec = 3.66×10-4), CATT (Pspec = 0.03) and AGTT (Pspec = 
6.95 ×10-3) had specific effects with p-value<0.05, of which the CACG presented the 

strongest risk effect (OR=2.96).

Discussion

GWAS to date have successfully identified many risk variants from different genes 

associated with obesity. These risk variants however typically present weak effect, and 

genetic effect from an obesity-risk gene is often hard to detect in an independent study 

following GWAS by single-variant association test. For this study, we examined 8 obesity-

risk genes (NEGR1, ADCY3, TMEM18, TFAP2B, BDNF, NRXN3, FTO and MC4R) 

reported by previous GWAS in the African American sample of JHS. To improve detection 

of genetic effect, we focused on test of multi-variant associations among these candidate 

genes, of which individual variants may have undetectable modest or weak effects, following 

our steps of analysis strategy.

Our first step of analysis applied single-variant association test by logistic regression to 

identify potential risk variants of obesity with unadjusted p-value < 0.10 and pairwise 

r2<0.2. Investigation of these variants enables detection of joint effects from multiple 

variants, of which individual variants may have undetectable weak effects after adjusting for 

multiple testing. Of total 671 SNPs in the candidate genes, our test showed 57 SNPs were 

marginally significant, but none attained Bonferroni-adjusted significance (Table 1), and the 

final 31 candidate SNPs were selected to test for multi-variant effects.

Our second step of analysis applied the MDR method to test multi-variant associations 

among the candidate SNPs, and the significance was defined as adjusted p-value ≤ 0.05. The 

high-risk and low-risk genotypes of a multi-variant association is trained and validated by 

cross-validation, and the adjusted p-value is obtained using a permutation test. The 
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characteristics of MDR make it an effective approach of testing multi-variant effect in any 

form, including additive and non-linear interaction, and it is especially powerful for testing 

interactions in the absence of any statistically significant independent main effects (Hahn et 

al., 2003).

Our MDR-based analysis identified 6 significant multi-variant associations with obesity 

after adjusting for multiple tests, including a 2-variant association (SNP 3+7) from NEGR1, 

two 2-variant associations (SNP 12+15 and 14+20) from ADCY3+NRXN3 and BDNF

+NRXN3, two 3-variant associations (SNP 1+9+22 and 6+15+20) from NEGR1+NRXN3, 

and a 4-variant association (SNP 1+9+16+27) from NEGR1+NRXN3+FTO. Logistic 

regression test of linear interaction showed that only 2-variant association of SNP 12+15 had 

unadjusted p-value < 0.05 (Table 2, PGL=0.019). These results suggested that GWAS-

identified risk genes contain complex multi-variant effects on obesity risk in African 

American, of which single variant may only yield weak effect and multiple variants do not 

have linear interaction.

Our third step of analysis examined if the 6 identified multi-variant associations contained 

additive effects of risk variants by GRS study. The GRS calculation and its association test 

were based on the hypothesis that the number of risk alleles in multi-variant association has 

linear correlation with log odds of obesity risk, and the significance level of p-value is 

8.33×10-3 based on the Bonferroni correction. Previous studies (Elks et al., 2012; Rukh et 

al., 2013) have shown that the GRS test is effective in investigating additive genetic effects 

on obesity risk. Our analysis showed that GRS had significant linear association for multi-

variant associations of SNP 3+7, 14+20, 1+9+22 and 6+15+20 that presented OR (p-value) 

as 1.19 (4.17E-03), 1.23 (2.68E-05), 1.19 (7.61E-06) and 1.13 (1.81E-03) respectively for 

every additional risk allele (Table 3). The significant GRS associations presented higher OR 

in the men than the women. However, for SNP 12+15 and 1+9+16+27, GRS did not show 

linear associations. Our study evidenced that multiple variants at GWAS-identified risk 

genes can jointly generate linear additive genetic effects on obesity risks.

We further examined effects for combinations of alleles over a multi-variant association by 

haplotype association tests. Combinations of alleles from different genes are considered as 

presence of potential inter-locus or gene-gene interactions (Akey et al., 2001). Our analysis 

is based on the hypothesis that a significant multi-variant association will present different 

distributions of haplotypes among candidate genes between case and control groups, e.g. 

higher probability of a particular combination of alleles among case individuals than control 

individuals. The haplotype omnibus test showed that the 6 identified multi-variant 

associations by MDR had p-values of overall haplotype effects from 2.78 ×10-2 to 2.15 
×10-4 and four of them (p-value < 8.33×10-3) were significant after Bonferroni correction of 

multiple testing (Table 4). The conditional analysis examined if SNPs involved in a multi-

variant association independently contribute to haplotype association. Of the SNP 

combinations with significant omnibus effects, SNP 15 (Pcond = 0.006) and SNP 20 (Pcond = 
0.009) were the major contributions to the haplotype associations of SNP 12+15 and SNP 

14+20 respectively; all SNPs had strongly independent effects (Pcond ≤0.004) for haplotype 

associations of SNP 1+9+22; and SNP 16 and 27 had higher independent effects than SNP 1 

and 9 in the haplotype association of SNP 1+9+16+27 (Table 4).
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The specific haplotype test with OR calculation estimated effect for a combination of 

particular alleles from a multi-variant association. For SNP 12+15, the reference haplotype 

CT was high risk and all other haplotypes decreased obesity risk with OR <1.0; similarly, 

analysis showed that reference haplotypes of AG was low risk for SNP 14+20 and reference 

AAC was high risk for SNP 1+9+22. Specific haplotype analysis also indicated that allele 

combinations of TC and AGT had the lowest risk for SNPs 12+15 and 1+9+22, and GA and 

CACG had the highest risk for SNPs 14+20 and 1+9+16+27 respectively (Table 4).

For this study, over 60% of the JHS sample were independent individuals, and the mixed 

family mainly had the size of 4 or less. Previous simulation studies have shown that ignoring 

family structure has little impact on power and the inflation of type I error is also not 

obvious for small pedigree size (McArdle et al., 2007). Considering the JHS sample 

characteristics, we therefore did not directly differentiate independent individuals from 

family member in the analysis models, and the first 10 principal components were instead 

integrated as covariates to adjust for both cryptic relatedness and population stratification in 

the sample (Wang et al., 2013).

For the significant multi-variant effects on obesity risk we have identified, they were all 

related to the gene of NRXN3 except the two-SNP effect from the NEGR1 (Table 2). The 

NRXN3 and the NEGR1 also presented a significant three-variant association. The NRXN3 

encodes a family of proteins that actively function in the brain as cell adhesion molecules 

and receptors (Rowen et al., 2002). Genes of NEGR1, FTO, and BDNF observed to have 

significant interactions with the NRXN3 are all expressed particularly in the hypothalamus, 

which is crucial for energy balance and food intake (Bauer et al., 2009). The multi-variant 

results revealed potential mechanisms and pathways involving brain function genes that 

jointly regulate body adiposity and implied the role of central nervous system in the 

pathogenesis and development of obesity.

For this study, we detected multi-variant effects at GWAS-identified risk genes of obesity in 

African American, while individual variants did not have obvious effects. However, there 

were also a few limitations in the present study. Firstly, although our study was focused on 

examination of multi-variant effects among candidate genes, it lacks validation of the 

findings in an independent sample, which we will plan to confirm in the future study. 

Secondly, our GWAS candidate genes contained 671 SNPs, which will involve a large 

number of tests for high-dimensional interaction and multi-variant effects (e.g. up to 8.4 

billion tests for 4-variant effects). To reduce the computational burden and perform a 

feasibility analysis, our study considered only those individual SNPs with potential weak 

effect or stronger and targeted those SNPs with unadjusted p-value < 0.10. However, this 

selection criteria may cause the missed detection of those multi-variant interactions while a 

SNP individually may not have effect or present the unadjusted p-value ≥ 0.10. Thirdly, our 

study is limited to 8 GWAS-identified risk genes and those genotyped common variants. 

Examinations of effects for rare variants and additional risk genes are also required in the 

follow-up studies.
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Conclusions

In conclusion, we deliberately designed steps of analysis strategy for testing multi-variant 

effects on obesity risk among GWAS-identified genes in African Americans. The findings 

will help to understand complex genetic effects of obesity risk genes and elucidate 

biological mechanisms underlying obesity development. Specifically, our analysis showed 

that multiple SNPs can jointly produce a large effect on obesity risk, while individual 

variants did not have detectable effects in the sample. The results demonstrated that risk 

variants can generate additive and non-linear effects, and revealed that one or several 

combinations of alleles or haplotypes across SNPs led to increased obesity risk. Our study 

suggested that GWAS-identified risk genes affect obesity development more likely through a 

complex multi-variant interaction pattern than a single-variant effect, and multi-variant study 

can supplement existing GWAS for improving detection of obesity risk variants.
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BMI body mass index
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PC principal component

PE prediction error

GRS genetic risk score

FTO fat mass and obesity associated

NEGR1 neuronal growth regulator 1

NRXN3 neurexin 3

TMEM18 transmembrane protein 18

TFAP2B transcription factor AP-2 beta

MC4R melanocortin 4 receptor

ADCY3 adenylate cyclase 3

BDNF brain-derived neurotrophic factor

CHRNA3 cholinergic receptor, nicotinic, alpha 3

GIPR gastric inhibitory polypeptide receptor
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Highlights

• This study examined effects of 8 GWAS-identified 

genes on obesity risk in blacks

• Steps of analysis strategy was carefully designed for 

testing multi-variant effects

• Multi-variants without significant association 

individually exerted a large effect

• Six multi-variant associations presenting complex 

effects were observed

• Additive effects measured by genetic risk scores have 

been found

• Haplotype omnibus, conditional and specific effects 

have been detected
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Figure 1. 
Multi-variant analysis of obesity risk genes.
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