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ABSTRACT  

Background: Genome-wide association studies have provided evidence for common 

obesity risk loci, but few studies have been performed on African populations. Several 

identified candidate genes for increased body mass index (BMI) and associated 

phenotypes are involved in appetite regulation.  

Objective: To assess the association of genetic variants with BMI in black South 

Africans and focused on SNPs in the FTO, LEP, LEPR, MC4R, NPY2R and POMC 

genes.   

Methods: We selected 44 SNPs previously associated with BMI (and including 

tagSNPs), as well as 18 ancestry informative markers (to assess genetic substructure), 

as the focus of this analysis. Genotyping was performed in 990 participants from the 

Birth to Twenty cohort (a longitudinal study of health and development in Africans), 

focusing on data collected during adolescence (13 years of age) to aid the identification 

of loci that predispose to obesity early in life.  

Results: Gender, gender-specific pubertal stage and exact age together explain 14.3% 

of the variation in log(BMI) at age 13. After adjustment for these factors, four SNPs were 

individually significantly associated with BMI: FTO rs17817449 (p=0.022); LEP 

rs10954174 (p=0.0004); LEP rs6966536 (p=0.012); MC4R rs17782313 (p=0.045). 

Together the four SNPs account for 2.1% of the variation in log(BMI).  Each risk allele 

was associated with an estimated increase of 2.5% in BMI.  

Conclusion: The association with the two SNPs in the 3’ UTR of the LEP gene is novel. 

Future studies in Africans will further highlight the complexities of obesity risk across 

different populations and identify potential targets for therapeutic intervention.  
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INTRODUCTION 

Being overweight or obese is a significant risk factor for the development of chronic 

diseases, and is becoming increasingly common in developing countries [1]. Both 

environmental and genetic factors influence body mass, with the heritability of BMI 

estimated at 40-70% [2].   

 

The study of syndromic obesity, as well as genome-wide association studies (GWAS) of 

common measures of adiposity (e.g. BMI) has provided evidence for genetic risk loci for 

obesity [3 4].  Current GWAS have primarily focused on populations of European origin, 

and only one GWAS of obesity-associated SNPs has been performed in an indigenous 

African population. This study was carried out in a cohort of 1188 Nigerian subjects and 

replicated the association of MC4R with BMI, but no other significant associations were 

detected [5]. Although replication studies of the GWAS findings for obesity risk have 

been performed in African Americans [6 7] only a few are reported in well characterized 

African populations [8 9]. Genetic association studies in African populations have the 

significant advantage that linkage disequilibrium (LD) generally exists over a shorter 

genomic distance, increasing the efficiency of the identification of causal variants [10].  

 

Several of the likely causal genes for increased body fat mass are involved in appetite 

regulation. Specifically, constituents of the leptin-melanocortin neurotransmission 

pathway have been implicated in both monogenic and polygenic obesity. The recent 

evidence that FTO (the only gene consistently associated with measures of obesity) acts 

on the central nervous system–mediated control of food intake [11] lends further support 

for the hypothesis that obesity may be a heritable neurobehavioral disorder.  

 

The aim of this study was to assess the association of genetic variants with BMI in black 

South African adolescents. The investigation focused on participants of the South 

African Birth to Twenty (Bt20) cohort study. Bt20 is a longitudinal study of the health and 

wellbeing of children that were born in the metropolitan area of Soweto, Johannesburg, 

during a six-week period in 1990. Participants in Bt20 were enrolled at birth and detailed 

information has been collected from the participants and their caregivers over the past 

twenty years [12]. Adolescent data (participants were 13 years of age at the time 

measurements were done) were used to facilitate the identification of genetic loci that 

predispose to obesity early in life, as it is known that overweight/obese children have an 
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elevated risk of becoming obese adults [13]. We focused on genes linked to appetite 

control that were previously reported to show association with BMI or obesity: FTO, LEP, 

LEPR, MC4R, NPY2R and POMC.    
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METHODS 

Participants 

A subset of individuals from the Bt20 cohort (524 female and 466 male adolescents, total 

n=990) were randomly selected for this study. Weight, height, pubertal stage and exact 

age (days) at the time of assessment were measured at 13 years of age in participants.  

With this sample size, our study achieves 80% power to detect differences in BMI of β ≥ 

0.67 (BMI increase ≥0.67kg/m2 per risk allele) at α = 0.05 [14]. Following informed 

consent, blood samples were collected and DNA extracted using a salting-out method 

[15]. 

 

BMI distribution in study group   

Anthropometric measurements (weight (kg) and height (m)) were obtained using 

standard methods [16]. BMI was computed as weight (measured in kg) divided by the 

square of the height (measured in meters) of an individual. Pubertal stage was assessed 

using a validated self-assessment method drawing upon the Tanner sexual development 

tool [17]. The Bt20 research programme, has received clearance by the Human 

Research Ethics Committee: (Medical) of the University of the Witwatersrand 

(M010556). The Federal Wise Assurance registration number of the Committee is 

FWA00000715. 

 

Population substructure 

A set of 18 ancestry informative markers (AIMs) were included to assess population 

substructure within the study group, using STRUCTURE V.2.3.3 software [18]. For 

comparative purposes, genotype data for the 18 AIMs were obtained from HapMap for 

three additional populations - the Yoruba from Nigeria (YRI), the Han Chinese population 

(CHB) and Utah residents with European ancestry (CEU). STRUCTURE implements the 

value K to distinguish parental populations, with K referring to the number of inferred 

population clusters. The true value of K may not always be known, but the smallest value 

of K that captures the majority of structure in the data should be obtained. Ten iterations 

at K = 1 to K = 4 with a burn-in of 30,000 followed by 100,000 iterations were 

implemented. The K value with the highest average posterior likelihood score was 

calculated and used to identify the best cluster assignment. 
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SNP selection 

SNPs previously shown to be associated with BMI or obesity within the selected genes 

were identified following a literature review. In addition, tagSNPs were selected for LEP, 

NPY2R and POMC, to ensure that all known common polymorphisms are either directly 

assayed or associated with a tagSNP. The Tagger algorithm [19] was used to select 

tagSNPs in a multimarker approach at r2 > 0.80 and with a minor allele frequency (MAF) 

> 0.05 among publicly available African data (YRI) from the HapMap dataset. The 

Illumina Assay Design Tool (Illumina, San Diego, CA) was used to assess the SNPs’ 

compatibility for inclusion in a custom-design GoldenGate™ VeraCode Assay and 62 

SNPs were selected for genotyping (Supplementary Table 1).  

 

Genotyping 

Genotyping was performed using the Illumina GoldenGate™ VeraCode assay (Illumina, 

San Diego, CA, USA). Quality control was performed on all raw genotype data according 

to the supplier’s specifications using BeadStudio v2.0 software (Illumina, San Diego, CA) 

(summarized in [20]).  

 

Statistical Analysis 

Genotype and allele frequencies were calculated and Hardy–Weinberg equilibrium 

(HWE) was assessed. The distribution of BMI was skewed to the right and therefore BMI 

was log transformed to approximate normality for all analyses. Linear models were used 

for all analyses, starting by comparing BMI between genotype groups, enabling 

adjustment for confounders. As BMI correlated significantly with gender, gender-specific 

pubertal stage and exact age, all analyses were adjusted for these variables by including 

them in the linear models as covariates. Each genotype was modeled as the number of 

minor alleles.  The modeled effect of each allele is converted to a percentage change 

(increase or decrease) in BMI. We also created and summarised a linear model 

containing all the variants that were individually significantly associated with BMI. In 

order to detect gender-specific effects, we modeled the interaction between gender and 

each variant and summarised the significant results. We then used these variants to 

calculate a risk allele score by counting the number of alleles associated with increasing 

BMI in each adolescent. This risk allele score was also assessed with a linear model, 

independent of the three confounders. 
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Results corresponding to P-values below 0.05 are described as statistically significant. 

We did not use the Bonferroni correction for multiple testing, as such a correction is 

considered over-conservative and one risks the rejection of important findings [21], and it 

is inappropriate to use this approach in a situation where there is a priori evidence that 

the genes are associated with obesity [22]. The programming environment R, and R 

package, genetics were used for all statistics (from www.r-project.org). 
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RESULTS 

South African participants’ characteristics 

BMI distribution in study group   

The study group consists of 524 (53%) female and 466 (47%) male adolescents, with a 

mean age of 13.7 years (SD=0.2 years).  Females had a higher median BMI (19.4 

[interquartile range (IQR) = 17.8-22.3]) than males (18.0 [IQR = 16.6-19.7]; P< 0.0001). 

BMI increased across the five pubertal stages in both males (P< 0.0324) and females 

(P<0.0001), but at significantly different rates.  Exact age (days) correlated positively 

with BMI in males (P=0.027) but not females (P=0.305).  In a joint model, gender, 

gender-specific pubertal stage and age each correlated independently with BMI and 

together explained 14.3% (P<0.001) of the variation in log(BMI). Pubertal effect when 

assessed alone had the greatest impact (10.7%) followed by gender (5.7%). As a result, 

all analyses were adjusted for age, gender and pubertal stage per gender.  Unadjusted 

P-values of individual tests are presented for comparison. 

 

Population substructure 

Analysis of allele frequencies of AIMs in the South African cohort, and comparison to 

three other ethnic groups, confirmed that there was no significant population 

substructure within the study cohort (Supplementary Figure 1). The South African 

population and the YRI group showed distinctive clustering away from the Caucasian 

and Asian populations. Although the South African cohort and the YRI had similar 

clustering patterns, higher order clustering of all individuals included in this analysis (i.e. 

higher values of K, where K indicates the number of parental populations) was shown to 

highlight the genetic distinction between these two African groups. 

 

Individual genotype associations with BMI 

The genotype and allele frequencies of all candidate SNPs, as well as P-values for tests 

of additive allelic association with log(BMI) are shown in Table 1.  All SNPs were in HWE 

(results not shown). Table 2 presents the median and IQR of BMI for SNPs that were 

significantly associated with BMI following adjustment for gender, pubertal stage and 

age. Estimated effect sizes (percentage difference in BMI associated with each 

additional minor allele, compared to the major allele homozygote) adjusted for age, 

gender and pubertal stage are also presented. For two SNPs, LEP rs6966536 and FTO 

rs17817449, the minor allele (G in both cases) is associated with increased BMI 
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whereas the major allele is associated with increased BMI for the other two SNPs, LEP 

rs10954174 and MC4R rs17782313 (G and T, respectively). When referring to “risk” 

allele it is the allele that is associated with increased BMI.    

 

For LEP rs6966536, each G-allele was associated with a 2.9 % higher BMI (P=0.012) 

whereas for LEP rs10954174, each A-allele is associated with an estimated decrease of 

4% in BMI (P< 0.001).  Thus, for an adolescent of the same age, gender and pubertal 

stage, we would expect an individual with the A/G genotype at rs10954174 to have a 

BMI that is 4% less than that of a G/G homozygote; and the A/A homozygote is expected 

to have an 8% lower BMI compared to the G/G homozygote. Adolescents who are A/G 

heterozygotes for LEP rs6966536 are expected to have a 2.9% higher BMI than A/A 

homozygotes whilst the G/G homozygotes would have a 6% higher BMI. 

 

Gender specific effects 

Prior research suggests that some loci show gender specific effects. In this study two 

SNPs – MC4R rs12970134 (P=0.044) and NPY2R (P=0.012) – showed significant 

gender differences in their effects on BMI. In females, each G-allele of the NPY2R 

rs11099992 SNP predicted a decrease in BMI by 3.7% (P-value=0.003) while in males 

the effect was not significant (P=0.523). In males, each A-allele of the MC4R 

rs12970134 SNP predicted an increase in BMI of 5.2% (P=0.011) while in females the 

effect was not significant (P=0.785). These SNPs were not associated with log(BMI) in 

the group as a whole. 

 

Joint model 

To assess the combined effect of the four SNPs that were individually associated with 

log(BMI) and the three confounders (gender, pubertal stage and age), a model was built 

based on 908 participants who had compete information.   The model explained 16.4% 

of the variation in log(BMI), so that the four variants contributed 2.1% to the variation, 

independent of the three confounders (Table 3).  

 

 

Allelic risk score 

Figure 1 shows the number of adolescents with each number of additive risk alleles (the 

allele associated with higher BMI – four loci and therefore a maximum of eight risk 
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alleles in an individual) as well as the median and IQR of BMI for each group.  Since 

there were less than ten individuals each in the categories of one risk allele (seven 

individuals) and eight risk alleles (one individual), these were excluded from the figure. 

The estimated increase in BMI, for each risk allele, is 2.5%, independent of age, gender 

and gender-specific pubertal stage, and individuals with seven risk alleles had an 11% 

increase [(20.0-18.0)/18.0] in median BMI compared to a group of individuals with two 

risk alleles. 
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DISCUSSION 

This study investigated the role of genetic variation on BMI in a cohort of adolescent 

South Africans, and is one of the largest analyses of obesity candidate genes 

undertaken in an African cohort.  We confirmed that variants within FTO and MC4R, 

previously shown to be associated with BMI in Caucasians, also influence obesity risk in 

this African group. In addition, a novel association between the 3’ UTR of LEP and 

increased BMI was observed. Furthermore, it was also demonstrated that an 

accumulation of risk alleles showed a significant increase in BMI (Figure 1). In our study, 

individuals with seven risk alleles had an 11% increase in median BMI compared to 

individuals with two risk alleles.  

 

The role of FTO in obesity risk is now well established. Within the current study, seven 

FTO SNPs were analysed and rs17817449 was found be associated with BMI 

(P=0.022). It has been shown in several different European child- and adult cohorts [23 

24] and in a meta-analysis [25] that this particular FTO SNP has a very strong 

association with BMI. Comparison of our data for FTO with that from other studies in 

African populations show that in Gambians, no association of BMI with polymorphisms in 

the FTO gene was observed [9]. However, the authors suggested that this lack of 

association may be related to the low BMI of the study population. The second study, 

performed in West Africans demonstrated that rs17817449 did not associate with BMI in 

this or an African American population [8]. This suggests different regions of the FTO 

gene may contain functional variants.       

 

The rs17782313 SNP is one of several variants in MC4R linked to BMI, and has been 

shown to contribute to a significant increase in extreme obesity in adults [26]. In the 

present study this variant associated with BMI (P=0.045). This SNP is 3’ to the gene and 

may therefore disrupt the function of cis-acting elements involved in the control of MC4R 

gene transcription. It is interesting to note that a recent study shows that the 3’ SNPs, 

rs12970134 and rs17782313, do not represent a haplotype that extends into the coding 

region of the gene [27], thus suggesting that these SNPs are not in linkage 

disequilibrium with functional mutations in the exon of the MC4R gene. 

 

Several studies have shown gender specific effects on BMI. The SNP rs11099992 in 

NPY2R was observed to associate with obesity in female subjects only (P=0.003). This 
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marker was recently shown to be associated with greater early infancy weight gain and 

growth in the ALSPAC longitudinal cohort, providing insights into the timing of weight 

changes leading to adult obesity [28]. The SNP lies 5’ of the NPY2R gene and other 

SNPs in this region have also been linked to anthropometric variables [29]. It has been 

observed that SNPs in the NPY2R gene have effects on anthropometry in males only 

[30], as opposed to the female-only effect seen in the current study. However, one of 

these studies shows that a SNP in the peptide YY gene associates with obesity-related 

traits in females only [29]. Peptide YY is a ligand of the NPY2R. Thus, variants in genes 

of the NPY pathway seem to have gender specific effects on anthropometric variables, 

but the mechanism by which this occurs is currently not understood. One other SNP 

showed a gender specific effect in males only (P=0.011), where males with the MC4R A-

allele (rs12970134) had a predicted 5.2% increase in BMI. No significant effect was 

detected in females. It is interesting to note that mutations in the MC4R gene that have 

been associated with morbid obesity have stronger effects in females than males [31]. 

These data suggest that the phenotypic effect of sequence variation in the MC4R gene 

is differentially modified by gender depending on the site of the variant. 

 

We detected significant allelic effects for two SNPs in LEP (rs10954174, P=0.0004 and 

rs6966536, P=0.012), located in the 3’UTR of this gene. Leptin is an integral molecule in 

energy homeostasis, with circulating leptin primarily produced by adipocytes, and 

functioning as a satiety signal.  Coding or splice site mutations in the LEP gene render 

the leptin protein unable to signal through its receptor, which leads to severe childhood 

onset obesity [32]. However, these coding sequence variations are rare in the general 

population and there is inconsistent evidence of the association of more common 

variants (predominantly SNPs in the 5’UTR) in LEP with body mass [33].  

 

This is the first observation of association of these particular SNPs within the 3’UTR of 

the LEP gene with BMI in an African population. The LEP SNPs that have been most 

consistently associated with obesity are rs2167270 (also known as LEP 19G>A) in the 

untranslated first exon [34], and rs7799039 (LEP -2548G>A) in the 5’-region of the gene 

[35]. It is known from previous research that in Caucasians, strong LD extends from the 

5’-region to the first intron of LEP but does not extend to SNPs in the genes distal and 

proximal to LEP [36]. Studies in a Brazilian population [37]  and adult Samoans [38] 

have also shown obesity to be correlated to variants of the LEP 3’ hypervariable region 
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(HVR).  The 3’HVR is a (TTTC)n tetranucleotide repeat located approximately 2,000bp 

downstream from LEP. The 3’UTR SNPs associated with BMI in this study do not share 

a haplotype block with the 3’HVR in Africans, and could be a manifestation of a uniquely 

African association to BMI and obesity. 

 

Individuals in this study who had a G-allele at LEP SNP rs6966536, showed an increase 

in BMI (Table 2).  On assessment of the allelic frequency of rs6966536 in the HapMap 

database, it was found not to be polymorphic in the European and Asian populations 

(100% of individuals have the A-allele), with the Yoruba showing a minor allele 

frequency of 8% for the G-allele as opposed to the observed 14% in the Bt20 cohort.  

 

The 3’ LEP SNPs found to be associated with BMI in this study may be the actual causal 

SNPs that influence BMI, or may be in LD with a causative variant. There are several 

mechanisms by which a 3’UTR variant could impact on the functioning of a gene. 

MicroRNAs are evolutionarily conserved small non-coding RNAs known to inhibit the 

translation of proteins by binding to the target transcript in the 3' untranslated region. 

Functional polymorphisms in 3' UTRs of several genes have been reported to be 

associated with diseases by affecting gene expression [39]. Recently, a novel class of 

functional variants termed miRSNPs were reported and defined as a variant at or near a 

microRNA binding site that can affect gene expression [40]. Furthermore, the 3' 

untranslated regions of eukaryotic mRNAs play crucial roles in the posttranscriptional 

regulation of gene expression through the modulation of nucleocytoplasmic mRNA 

transport, translation efficiency, subcellular localization and message stability. 

 

Replication has become the gold standard for assessing the validity of statistically 

significant results from association studies. However, a true result can fail to replicate in 

another independent sample for numerous reasons including differences in allele 

frequencies and haplotype structure that could influence the indirect detection of 

functional polymorphisms. A recent study showed that the power to replicate the 

statistically significant independent main effect of one polymorphism can drop 

dramatically with a change of allele frequency of less than 0.1 at a second interacting 

polymorphism [41]. Differences in allele frequency could also result in a reversal of allelic 

effects where a putative protective allele becomes associated with increased risk in a 

replication study [41]. These are particularly important considerations when undertaking 
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genomic research and replication studies in African populations, with known high levels 

of genome diversity and population substructure between different African groups [42 

43]. The AIM data obtained in this study highlights that there are not high levels of 

heterogeneity within the South African group, but that the group differs from other 

African tribes, such as the Yoruba. Despite these differences, eighteen AIMs cannot 

resolve the detailed population differences between this South African population and 

other African groups, as the Bantu expansion occurred rather recently in history (~4000 

years ago), and one would expect  that only major differences would be observable 

when only interrogating a small number of markers [43]. 

 

The data in this study are derived from a cohort of adolescents in the midst of puberty. It 

is therefore possible that the effects on weight of some polymorphisms may have been 

masked by puberty-associated changes in body fat mass. It is also possible that the 

effects of some polymorphisms on BMI are observed only later in life. However, it has 

been shown that the FTO and MC4R polymorphisms do influence anthropometry in 

adults and children and that other polymorphisms identified in GWAS in adults also have 

observable effects on childhood measures of adiposity.           

 

This study shows evidence of the role of genetic factors in obesity risk in an adolescent 

black South African group. Individual SNPs in FTO, LEP and MC4R genes were shown 

to be associated with an increase in BMI, and the cumulative effect of the risk alleles (1 

to 8) in FTO, LEP and MC4R, was demonstrated. Together they contribute 2.1% to the 

variation observed in log(BMI) in this group of subjects, after adjusting for age, gender 

and gender-specific pubertal stage. Recent GWAS in populations of European ancestry 

have identified 32 common loci associated with BMI, explaining only 1.45% of the inter-

individual variation in BMI [4].  

 

Further studies on other candidate obesity loci in African populations will provide a better 

understanding of the role of variants in these genes in a population with a different LD 

structure to that of Caucasians [44]. In addition, a thorough examination of other 

measures of obesity is needed to better understand the complexities of obesity risk 

across different populations [3]. Such studies will be enhanced by more detailed 

phenotypic characterization of study cohorts that includes body fat distribution, as this is 
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known to be a significant risk factor for other chronic diseases, such as cardiovascular 

disease and type II diabetes [45]. 

 

Obesity levels are rising at an alarming rate among black South Africans, with 29% and 

57% of men and women, respectively, being overweight or obese. This is reflected in the 

national burden of disease by its impact on the increase in chronic disease [1]. The 

multifactorial nature of these conditions creates a challenge and understanding the 

genetic contribution to obesity in black South Africans may influence the nature of 

effective interventions. 
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LEGENDS TO FIGURES: 

 

Figure 1:  Observed cumulative effect of high risk alleles on BMI in a black South 

African adolescent cohort. The four risk alleles included in this analysis are: LEP-

rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-rs17782313 (G-allele); and 

FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents with 

specific number of obesity risk alleles.  Points show corresponding median (right axis) 

and vertical lines the interquartile range of BMI. 
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TABLES: 

Table 1: Candidate SNP allele and genotype frequencies in a black South African 

population, and P-values for additive allelic association with log(BMI) in adolescents 13 

years of age 

    Frequency   
   RefSNP alleles* Genotype Allele P-values 
Gene dbSNP ID n A B AA AB BB Minor Major Unadjusted Adjusted** 

FTO rs9939973 977 A G 0.14 0.45 0.40 0.37 0.63 0.109 0.354 
 rs9940128 985 A G 0.12 0.47 0.41 0.35 0.65 0.105 0.379 
 rs1421085 986 T C 0.89 0.11 0.00 0.06 0.94 0.728 0.709 
 rs1121980 974 T C 0.20 0.51 0.29 0.45 0.55 0.125 0.294 
 rs17817449 977 T G 0.39 0.48 0.14 0.37 0.63 0.008 0.022 
 rs8050136 982 A C 0.17 0.51 0.32 0.42 0.58 0.021 0.057 
 rs9939609 981 A T 0.20 0.53 0.27 0.47 0.53 0.029 0.071 
LEP rs1349419 986 A G 0.96 0.04 0.00 0.02 0.98 0.388 0.612 
 rs12535708 975 A C 0.03 0.32 0.65 0.19 0.81 0.755 0.911 
 rs11770725 985 T C 0.91 0.09 0.00 0.05 0.95 0.640 0.993 
 rs12535747 977 A C 0.01 0.18 0.81 0.10 0.90 0.258 0.339 
 rs2167270 964 A G 0.24 0.51 0.25 0.50 0.50 0.557 0.255 
 rs2278815 980 A G 0.00 0.08 0.92 0.04 0.96 0.918 0.887 
 rs2122627 984 T C 0.01 0.12 0.88 0.06 0.94 0.197 0.102 
 rs4236625 985 A T 0.78 0.21 0.02 0.12 0.88 0.804 0.706 
 rs12706832 979 A G 0.80 0.18 0.01 0.10 0.90 0.787 0.908 
 rs10244329 963 A T 0.41 0.45 0.14 0.37 0.63 0.034 0.161 
 rs7791621 984 A C 0.86 0.13 0.01 0.07 0.93 0.761 0.792 
 rs7795794 987 A G 0.01 0.12 0.87 0.07 0.93 0.185 0.084 
 rs10954174 973 A G 0.02 0.21 0.77 0.13 0.87 0.003 <0.001 
 rs3828942 962 A G 0.03 0.28 0.69 0.17 0.83 0.922 0.852 
 rs17151919 969 A G 0.02 0.26 0.71 0.15 0.85 0.699 0.829 
 rs17151922 974 T G 0.15 0.50 0.35 0.40 0.60 0.239 0.378 
 rs6966536 972 A G 0.73 0.25 0.02 0.14 0.86 0.014 0.012 
 rs10954173 977 A G 0.02 0.26 0.72 0.15 0.85 0.342 0.525 
 rs11761556 984 A C 0.01 0.19 0.80 0.11 0.89 0.798 0.659 
LEPR rs1137100 984 A G 0.89 0.11 0.00 0.06 0.94 0.602 0.602 
 rs1137101 965 A G 0.20 0.52 0.28 0.45 0.55 0.650 0.905 
MC4R rs17782313 969 T C 0.55 0.39 0.06 0.25 0.75 0.070 0.045 
 rs12970134 981 A G 0.01 0.16 0.83 0.09 0.91 0.166 0.116 
NPY2R rs2880416 985 C G 0.00 0.08 0.92 0.04 0.96 0.094 0.186 
 rs2342676 953 A G 0.08 0.41 0.51 0.29 0.71 0.697 0.942 
 rs12649641 988 A C 0.48 0.43 0.08 0.30 0.70 0.601 0.786 
 rs11099992 964 A G 0.58 0.36 0.06 0.24 0.76 0.085 0.073 
 rs33977152 986 A G 0.01 0.09 0.90 0.05 0.95 0.508 0.301 
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 rs12507396 982 A T 0.95 0.05 0.00 0.02 0.98 0.858 0.957 
 rs6857530 979 A G 0.05 0.36 0.58 0.23 0.77 0.666 0.707 
 rs10461238 971 C G 0.32 0.49 0.19 0.43 0.57 0.640 0.430 
 rs2342674 985 A G 0.00 0.13 0.87 0.07 0.93 0.530 0.476 
 rs1047214 977 T C 0.88 0.12 0.01 0.06 0.94 0.926 0.919 
 rs2880415 982 A G 0.55 0.40 0.05 0.25 0.75 0.458 0.292 
POMC rs6713532 970 T C 0.29 0.49 0.22 0.46 0.54 0.368 0.270 
 rs7565877 972 A G 0.37 0.49 0.14 0.39 0.61 0.944 0.967 
 rs7565427 987 A G 0.01 0.20 0.79 0.11 0.89 0.633 0.889 

 
* RefSNP allele according to NCBI dbSNP Build 134  
** P-values are shown adjusted for age, gender and gender-specific pubertal stage 
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Table 2: Summary BMI statistics for SNPs that were individually associated with BMI  
 

        Median (IQR) of BMI per genotype   
Gene SNP MA MAF mm* mM* MM* Effect 
FTO rs17817449 G 0.37 18.5 (16.9-20.7) 18.7 (17.2-21.1) 19.1 (17.6-22.5) 1.9 
LEP rs10954174 A 0.13 18.8 (17.1-21.3) 18.4 (17.2-20.5) 17.4 (16.8-19.1) -4.0 
LEP rs6966536 G 0.14 18.6 (17.1-20.8) 18.9 (17.1-21.5) 19.2 (18.5-21.6) 2.9 
MC4R rs17782313 C 0.25 18.9 (17.4-21.2) 18.5 (17.0-20.9) 19.0 (16.5-20.6) -1.8 

 
MA = minor allele; MAF= minor allele frequency; IQR=interquartile range; 
 
Effect=estimated individual % change in BMI of each minor allele, independent of age, gender 
and gender-specific pubertal stage. 
 
*m denotes major allele; M is minor allele 
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Table 3: Summary of the model explaining 16.35% of the variation in log(BMI), and 
containing the four variants that were individually significantly associated with BMI, with 
adjustment for confounders  

 
Gene SNP MA Effect P-value 
FTO rs17817449 G 2.2 0.007 
LEP rs10954174 A -3.2 0.005 
LEP rs6966536 G 2.7 0.020 
MC4R rs17782313 C -2.0 0.028 

 
MA=minor allele 
 
Effect=estimated % change in BMI of each minor allele, independent of other confounding 
variables i.e. age, gender and gender-specific pubertal stage. 
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Observed cumulative effect of high risk alleles on BMI in a black South African adolescent cohort. The four 
risk alleles included in this analysis are: LEP-rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-

rs17782313 (G-allele); and FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents 

with specific number of obesity risk alleles.  Points show corresponding median (right axis) and vertical lines 
the interquartile range of BMI.  
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STRUCTURE analysis with 18 AIMs illustrating no significant population substructure in the Bt20 cohort. The 
values of K indicate the number of hypothetical ancestral populations. The clustering at K = 2 distinctly 
separated the African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort from all other 
populations, indicating that these 18 SNPs have the power to detect major differences in population 

structure. Population designations: (1) South African cohort; (2) HapMap YRI; (3) HapMap CHB; (4) HapMap 
CEU.  
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Supplementary Figure Legend: 
 
 
Supplementary Figure 1: STRUCTURE analysis with 18 AIMs illustrating no significant 

population substructure in the Bt20 cohort. The values of K indicate the number of 

hypothetical ancestral populations. The clustering at K = 2 distinctly separated the 

African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort 

from all other populations, indicating that these 18 SNPs have the power to detect major 

differences in population structure. Population designations: (1) South African cohort; (2) 

HapMap YRI; (3) HapMap CHB; (4) HapMap CEU. 
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Supplementary Tables: 
 
 
Table 1: Summary of SNP information genotyped in candidate genes 
 
 

Gene SNP Genomic location * Chrom 
RefSNP 
Alleles ** 

Ancestral 
allele ** BMI assoc SNP TagSNP AIM 

FTO rs9939973 53800568 16 A/G G x     

  rs9940128 53800754   A/G G x     

  rs1421085 53800954   C/T T x     

  rs1121980 53809247   C/T T x     

  rs17817449 53813367   G/T G x     

  rs8050136 53816275   A/C A x     

  rs9939609 53820527   A/T A x     

LEP rs1349419 127877213 7 A/G A x     

  rs12535708 127878098   A/C C x     

  rs11770725 127878267   C/T T x     

  rs12535747 127878335   A/C C x     

  rs2167270 127881349   A/G G   x   

  rs2278815 127881851   A/G G   x   

  rs2122627 127883323   C/T C   x   

  rs4236625 127883695   A/T T   x   

  rs12706832 127887139   A/G A   x   

  rs10244329 127888689   A/T T   x   

  rs7791621 127889696   A/C A   x   

  rs7795794 127890151   A/G C   x   

  rs10954173 127891440   A/G G   x   

  rs3828942 127894305   A/G G   x   

  rs17151919 127894592   A/G G   x   

  rs17151922 127895216   G/T G   x   

  rs6966536 127896059   A/G A   x   

  rs10954174 127896536   A/G G   x   
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  rs11761556 127897069   A/C A   x   

LEPR rs1137100 66036441 1 A/G A x     

  rs1137101 66058513   A/G A x     

MC4R rs17782313 57851097 18 C/T T x     

  rs12970134 57884750   A/G G x     

NPY2R rs2880416 156124543 4 C/G C   x   

  rs2342676 156124704   A/G A x     

  rs12649641 156125333   A/C A   x   

  rs11099992 156125510   A/G A   x   

  rs33977152 156128589   A/G G   x   

  rs12507396 156129044   A/T A   x   

  rs6857530 156129154   A/G A   x   

  rs10461238 156132216   C/G G x     

  rs2342674 156135250   A/G G   x   

  rs1047214 156135676   C/T T x     

  rs2880415 156136027   A/G A   x   

POMC rs6713532 25384833 2 C/T C   x   

  rs7565427 25385638   A/G G   x   

  rs7565877 25386064   A/G A   x   

Ancestry informative 
markers rs723854 192511012 1 C/G G     x 

  rs1876482 17362568 2 C/T C    x 

  rs952718 215888624 2 A/C A    x 

  rs1344870 21307401 3 A/C A    x 

  rs720096 179551071 4 A/C C    x 

  rs1363448 140783596 5 C/T T    x 

  rs217538 108483470 6 C/G C    x 

  rs65264 28545611 7 C/T T    x 

  rs679047 12883664 9 A/T T    x 

  rs2077559 36014850 9 C/T T    x 

  rs714857 15974389 11 C/T T    x 

  rs953386 110943692 13 A/G A    x 

  rs722869 97277005 14 C/G C    x 
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  rs735612 34076642 15 G/T G    x 

  rs2089740 36310531 15 G/T G    x 

  rs1823718 74147244 15 C/T T    x 

  rs1858465 51142920 17 A/T A    x 

  rs2112527 9603751 19 A/G G     x 

 
* Chromosomal location of SNPs obtained from NCBI genome build 37.1 (hg19). 
** RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134.
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ABSTRACT  

Background: Obesity is a complex trait with both environmental and genetic 

contributors. Genome-wide association studies have identified several variants that are 

robustly associated with obesity and BMI many of which are found within genes involved 

in appetite regulation. Currently, genetic association data for obesity is lacking in 

Africans - a single GWAS and a few replication studies have been published in West 

Africans, but none have been performed in a South African population.   

Objectives: To assess the association of candidate with BMI in black South Africans. We 

focused on SNPs in the FTO, LEP, LEPR, MC4R, NPY2R and POMC genes. 

 

Design: A genetic association study. 

 

Participants: 990 randomly selected individuals from the larger Birth to Twenty cohort (a 

longitudinal birth cohort study of health and development in Africans). 

Measures: We genotyped 44 SNPs within the six candidate genes that included known 

BMI associated SNPs and tagSNPs based on linkage disequilibrium in an African 

populations for FTO, LEP and NPY2R. To assess population substructure, we included 

18 ancestry informative markers. Weight, height, sex, sex-specific pubertal stage and 

exact age collected during adolescence (13 years of age) were used to identify loci that 

predispose to obesity early in life. 

 

Results: Sex, sex-specific pubertal stage and exact age together explain 14.3% of the 

variation in log(BMI) at age 13. After adjustment for these factors, four SNPs were 

individually significantly associated with BMI: FTO rs17817449 (P=0.022); LEP 

rs10954174 (P=0.0004); LEP rs6966536 (P=0.012); MC4R rs17782313 (P=0.045). 

Together the four SNPs account for 2.1% of the variation in log(BMI).  Each risk allele 

was associated with an estimated average increase of 2.5% in BMI. 

 

Conclusions: The study highlighted FTO and MC4R as potential genetic markers of 

obesity risk in South Africans. The association with two SNPs in the 3’ UTR of the LEP 

gene is novel.
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ARTICLE SUMMARY  

Article focus: 

• This is a replication study aiming to reproduce BMI association findings from 

European cohorts in a South African population. 

• This study focused on genes linked to appetite control that were previously reported 

to show association with BMI or obesity, and included FTO, LEP, LEPR, MC4R, 

NPY2R and POMC.   

• Adolescent data were used to facilitate the identification of genetic loci that 

predispose to obesity early in life, as it is known that overweight/obese children have 

an elevated risk of becoming obese adults. 

 

Key messages: 

• We found four SNPs were individually significantly associated with BMI: FTO 

rs17817449 (p=0.022); LEP rs10954174 (p=0.0004); LEP rs6966536 (p=0.012) and 

MC4R rs17782313 (p=0.045).  

• Together the four SNPs account for 2.1% of the variation in log(BMI).   

• We also demonstrated that an accumulation of risk alleles is linked to a significant 

increase in BMI - individuals with seven risk alleles had an 11.0% increase in median 

BMI compared to individuals with two risk alleles. 

 

Strengths and limitations of this study: 

• This study provides the first preliminary evidence of the role of genetic variants in 

obesity risk in an adolescent black South African population. 

• This study was only moderately powered to detect association with BMI and not all 

genes were exhaustively investigated. 

• TagSNP selection would’ve been enhanced if South African data were available for 

this approach. 

Page 3 of 38

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review
 only

4 

 

INTRODUCTION 

Being overweight or obese is a significant risk factor for the development of chronic 

diseases like type II diabetes and cardiovascular disease, and is becoming increasingly 

common in low- and middle-income countries[1]. Both environmental and genetic factors 

influence body mass, with the heritability of BMI estimated at 40-70%[2].   

 

The study of syndromic obesity and genome-wide association studies (GWAS) of 

common measures of adiposity (e.g. BMI) have provided evidence for genetic risk loci 

for obesity[3,4].  Current GWAS have primarily focused on populations of European 

origin, and only one GWAS for anthropomorphic traits, including BMI, has been 

performed in an indigenous African population. This study was carried out in a cohort of 

1,188 Nigerian subjects and replicated the association of MC4R with BMI, but no other 

significant associations were detected[5]. However, the study was underpowered to 

detect modest effects. Although several replication studies have been performed in 

African Americans[6,7] only a few are reported in well characterized African 

populations[8,9] and showed some supporting evidence of the role of FTO in a Nigerian 

population, but not in the Gambia. Genetic association studies in African populations 

have the significant advantage that linkage disequilibrium (LD) generally exists over a 

shorter genomic distance, potentially increasing the efficiency of the identification of 

causal variants[10].  

 

Several of the likely causal genes for increased body fat mass are involved in appetite 

regulation. Specifically, constituents of the leptin-melanocortin neurotransmission 

pathway have been implicated in both monogenic and polygenic obesity. Recent 

evidence that FTO (the only gene consistently associated with measures of obesity) acts 

on the central nervous system–mediated control of food intake[11] lends further support 

for the hypothesis that obesity may be a heritable neurobehavioral disorder.  

 

Obesity levels are rising at an alarming rate among black South Africans, with 29% and 

57% of men and women, respectively, being overweight or obese.  The major impact of 

obesity on the development of chronic diseases within South Africa  is demonstrated by 

data showing that in the year 2000, 87% of type 2 diabetes cases and 68% of 

hypertensive disease were attributable to a BMI ≥ 21[1]. The multifactorial nature of 

these conditions creates a challenge and understanding the genetic contribution to 
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obesity in black South Africans may influence the nature of effective interventions. The 

aim of this study was therefore to assess the association of genetic variants with BMI in 

black South African adolescents. We focused on genes linked to appetite control that 

were previously reported to show association with BMI or obesity: FTO, LEP, LEPR, 

MC4R, NPY2R and POMC.   
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METHODS 

Participants 

The investigation focused on participants of the South African Birth to Twenty (Bt20) 

cohort study. Bt20 is a longitudinal study of the health and wellbeing of children that 

were born in the metropolitan area of Soweto, Johannesburg, during a six-week period 

in 1990. Participants in Bt20 were enrolled at birth and detailed information has been 

collected from the participants and their caregivers over the past twenty years[12]. 

Following informed consent, blood samples were collected and DNA extracted using a 

salting-out method[13]. The Bt20 research programme, has received clearance by the 

Human Research Ethics Committee: (Medical) of the University of the Witwatersrand 

(M010556). The Federal Wise Assurance registration number of the Committee is 

FWA00000715. 

 

A subset of individuals from the Bt20 cohort (524 female and 466 male adolescents, total 

n=990) were randomly selected for this study. This represents 43% of the total cohort 

(total cohort = 2290 participants). The following calculation illustrates that this study was 

adequately powered.  Group sizes of 748, 204, and 21 (total=973), corresponding to 

rs10954174 genotype frequencies observed in this study,  will achieve 93% power to 

detect differences among the means of BMI using an F test with a 0.05 significance 

level, as is standard in linear regression models. The size of the variation in the means 

(say 18, 19 and 20) is represented by their standard deviation which is 0.47. The 

common standard deviation within a group is assumed to be 4. 

 

Adolescent data (participants were 13 years of age at the time measurements were 

done) were used to facilitate the identification of genetic loci that predispose to obesity 

early in life, as it is known that overweight/obese children have an elevated risk of 

becoming obese adults[14]. Anthropometric measurements were obtained using 

standard methods[15]. BMI was computed as weight (measured in kg) divided by the 

square of the height (measured in meters) of an individual. Pubertal stage was assessed 

using a validated self-assessment method drawing upon the Tanner sexual development 

tool[16] and exact age at time of measurement were recorded. 
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Population substructure 

A set of 18 ancestry informative markers (AIMs) were included to assess population 

substructure within the study group, based on previously published data[17] and local 

unpublished data[18]. Population substructure was assessed computationally using 

STRUCTURE v.2.3.3 software[19]. For comparative purposes, genotypes of the AIMs 

were obtained from HapMap (release 24) for three additional populations - the Yoruba 

from Nigeria (YRI), the Han Chinese population (CHB) and Utah residents with 

European ancestry (CEU). STRUCTURE implements the value K to distinguish parental 

populations, with K referring to the number of inferred population clusters. The true value 

of K may not always be known, but the smallest value of K that captures the majority of 

structure in the data should be obtained. Ten iterations at K = 1 to K = 4 with a burn-in of 

30,000 followed by 100,000 iterations were implemented. The K value with the highest 

average posterior likelihood score was calculated and used to identify the best cluster 

assignment. 

 

SNP selection 

SNPs previously shown to be associated with BMI or obesity in FTO, LEP, LEPR, 

MC4R, NPY2R and POMC were identified from the literature. In addition, tagSNPs were 

selected for LEP, NPY2R and POMC, to ensure that known common polymorphisms are 

either directly assayed or associated with a tagSNP in these genes. SNPs from the 

literature were not force included in tagSNP selection. The Tagger algorithm[20] was 

used to select tagSNPs in a multimarker approach at r2 > 0.80 and with a minor allele 

frequency (MAF) > 0.05 among publicly available African data (YRI) from the HapMap 

dataset (release 24). The Illumina Assay Design Tool (Illumina, San Diego, CA) was 

used to assess the SNPs’ compatibility for inclusion in a custom-design GoldenGate™ 

VeraCode Assay and 62 SNPs were selected for genotyping (Supplementary Table 1).  

 

Genotyping 

Genotyping was performed using the Illumina GoldenGate™ VeraCode assay (Illumina, 

San Diego, CA, USA). Quality control was performed on all raw genotype data according 

to the supplier’s specifications using BeadStudio v2.0 software (Illumina, San Diego, CA) 

(summarized in[21]). Standard quality control filters were applied to the data[22]: minor 

allele frequency (MAF) >0.01, SNP missingness rate < 0.05, individual missingness rate 

< 0.2 and Hardy-Weinberg equilibrium (HWE) <1 x 10 -4. 
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LD plots 

LD was visualized using Haploview v4.2[23], implementing the confidence interval 

method of Gabriel et al.[24] to construct haplotype blocks. Chromosomal location of 

SNPs obtained from ncbi genome build 37.1. 

 

Statistical Analysis 

The programming environment R, and R package genetics were used for all statistics 

(from www.r-project.org). 

 

Individual genotype associations with BMI 

Genotype and allele frequencies were calculated through direct counting. The 

distribution of BMI was skewed to the right and therefore BMI was log transformed to 

approximate normality for all analyses. Linear models were used for all analyses 

(individual association, joint association, sex-specific association and risk score 

association), starting by comparing BMI between genotype groups, enabling adjustment 

for confounders. As BMI correlated significantly with sex, sex-specific pubertal stage and 

exact age, some analyses were adjusted for these variables by including them in the 

linear models as covariates.  All association P-values are from linear models of log(BMI).  

Exact tests of HWE were also performed.  Because of its skewed distribution in this 

study group, BMI is summarized as median values as well as inter-quartile ranges (IQR), 

with lower quartile and upper quartiles reported. 

 

Furthermore, each genotype was modeled additively as the number of minor alleles 

present.  Because we modelled log(BMI), the modeled effect of each allele is reported as 

a percentage change (increase or decrease) in BMI.  

 

Joint model and allele risk score of all associated SNPs 

We also created and summarized a linear model containing all the variants that were 

individually significantly associated with BMI. We used all significantly associated 

variants to calculate a risk allele score by counting the number of alleles associated with 

increasing BMI in each adolescent. This risk allele score was also assessed with a linear 

model, independent of the three confounders. 
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Sex-specific effects 

In order to detect sex-specific effects, we modeled the interaction between sex and each 

variant and summarized the significant results.  

 

Correcting for multiple testing 

Correcting for multiple testing is a contentious issue, and some approaches (such as 

Bonferroni correction) is considered over-conservative and one risks the rejection of true 

findings[25,26]. Given the strong prior information about the role of the variation tested 

here in obesity, we considered this a replication study, and therefore P-values below 

0.05 were considered significant. For tagSNPs, tests of associations could be 

considered discovery rather than replication, but since these markers are correlated due 

to linkage disequilibrium, the Bonferroni assumption of independence is not upheld. 
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RESULTS 

Participants 

The study group consists of 524 (53.0%) female and 466 (47.0%) male adolescents, with 

a mean age of 13.7 years (SD=0.2 years).  Females had a higher median BMI (19.4 

[IQR = 17.8-22.3]) than males (18.0 [IQR = 16.6-19.7]; P< 0.0001). BMI increased 

across the five pubertal stages in both males (P< 0.0324) and females (P<0.0001), but 

at significantly different rates.  Exact age (days) correlated positively with BMI in males 

(P=0.027) but not females (P=0.305).  In a joint model, sex, sex-specific pubertal stage 

and age each correlated independently with BMI and together explained 14.3% 

(P<0.001) of the variation in log(BMI). Pubertal effect when assessed alone had the 

greatest impact (10.7%) followed by sex (5.7%). As a result, all analyses were adjusted 

for age, sex and pubertal stage per sex.  Unadjusted P-values of individual tests are 

presented for comparison (Table 1). 

 

Population substructure 

One AIM failed quality control measures and were subsequently excluded from analysis. 

Analysis of allele frequencies of AIMs in the South African cohort (Supplementary table 

2), and comparison to three other ethnic groups (Supplementary table 3), confirmed that 

there was no significant population substructure within the study cohort (Supplementary 

Figure 1). The South African population and the YRI group showed distinctive clustering 

away from the Caucasian and Asian populations. Although the South African cohort and 

the YRI had similar clustering patterns, higher order clustering of all individuals included 

in this analysis (i.e. higher values of K, where K indicates the number of parental 

populations) was shown to highlight the genetic distinction between these two African 

groups. 

 

LD plot 

To illustrate the unique patterns of LD in the South African population, an LD plot of the 

gene most significantly associated with BMI was constructed (Supplementary Figure 2). 

Evidence of LD structure in the 3’UTR of LEP can be observed, which is different to the 

haplotype structure observed in the HapMap European and Nigerian populations. 
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Statistical Analysis 

Individual genotype associations with BMI 

The genotype and allele frequencies of all candidate SNPs, as well as P-values for tests 

of additive allelic association with log(BMI) are shown in Table 1.  All SNPs were in HWE 

(Table 1). Table 2 presents the median and IQR of BMI for SNPs that were significantly 

associated with BMI following adjustment for sex, pubertal stage and age. Estimated 

effect sizes (percentage difference in BMI associated with each additional minor allele, 

compared to the major allele homozygote) adjusted for age, sex and pubertal stage are 

also presented. For two SNPs, LEP rs6966536 and FTO rs17817449, the minor allele (G 

in both cases) is associated with increased BMI whereas the major allele is associated 

with increased BMI for the other two SNPs, LEP rs10954174 and MC4R rs17782313 (G 

and T, respectively). When referring to “risk” allele it is the allele that is associated with 

increased BMI.    

 

For LEP rs6966536, each G-allele was associated with a 2.9% higher BMI (P=0.012) 

whereas for LEP rs10954174, each A-allele is associated with an estimated decrease of 

4.0% in BMI (P< 0.001).  Thus, for an adolescent of the same age, sex and pubertal 

stage, we would expect an individual with the A/G genotype at rs10954174 to have a 

BMI that is 4.0% less than that of a G/G homozygote; and the A/A homozygote is 

expected to have an 8.0% lower BMI compared to the G/G homozygote. Adolescents 

who are A/G heterozygotes for LEP rs6966536 are expected to have a 2.9% higher BMI 

than A/A homozygotes whilst the G/G homozygotes would have a 5.8% higher BMI. 

 

Sex-specific effects 

Two SNPs – MC4R rs12970134 and NPY2R rs11099992 – showed significant sex 

differences in their effects on BMI (results not shown). In females, each G-allele of the 

NPY2R rs11099992 SNP predicted a decrease in BMI by 3.7% (P-value=0.003) while in 

males the effect was not significant (P=0.523). In males, each A-allele of the MC4R 

rs12970134 SNP predicted an increase in BMI of 5.2% (P=0.011) while in females the 

effect was not significant (P=0.785). These SNPs were not associated with log(BMI) in 

the group as a whole (Table 1). 
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Joint model 

To assess the combined effect of the four SNPs that were individually associated with 

log(BMI) and the three confounders (sex, pubertal stage and age), a model was built 

based on 908 participants who had compete information.   The model explained 16.4% 

of the variation in log(BMI), so that the four variants contributed 2.1% to the variation, 

independent of the three confounders (Table 3).The two LEP SNPs had the largest 

effects, followed by the FTO and then the MC4R SNPs, which each had similar effect 

sizes (2.2 and -2.0, respectively). The seven FTO SNPs in this study explain 0.6% of 

variation in log(BMI) after adjusting for age gender and sex-specific pubertal stage; and 

1.4% unadjusted. 

 

 

Allelic risk score 

Figure 1 shows the number of adolescents with each number of additive risk alleles (the 

allele associated with higher BMI – four loci and therefore a maximum of eight risk 

alleles in an individual) as well as the median and IQR of BMI for each group.  Since 

there were less than ten individuals each in the categories of one risk allele (seven 

individuals) and eight risk alleles (one individual), these were excluded from the figure. 

The estimated increase in BMI, for each risk allele, is 2.5%, independent of age, sex and 

sex-specific pubertal stage, and individuals with seven risk alleles had an 11.0% 

increase [(20.0-18.0)/18.0] in median BMI compared to a group of individuals with two 

risk alleles. 
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DISCUSSION 

This study provides preliminary evidence of the role of genetic variants in obesity risk in 

an adolescent black South African group. Individual SNPs in FTO, LEP and MC4R 

genes were shown to be associated with an increase in BMI, and the cumulative effect of 

the risk alleles (one to eight alleles) in FTO, LEP and MC4R, was demonstrated. 

Together they contribute 2.1% to the variation observed in log(BMI) in this group of 

subjects, after adjusting for age, sex and sex-specific pubertal stage. Recent GWAS in 

populations of European ancestry have identified 32 common loci associated with BMI, 

explaining only 1.5% of the inter-individual variation in BMI[4]. We also demonstrated 

that an accumulation of risk alleles is linked to a significant increase in BMI (Figure 1). In 

our study, individuals with seven risk alleles had an 11.0% increase in median BMI 

compared to individuals with two risk alleles. 

 

We provide preliminary evidence that SNPs in the 3’UTR of LEP (rs10954174, P=0.0004 

and rs6966536, P=0.012) are associated with BMI in South Africans. Leptin is an integral 

molecule in energy homeostasis and circulating leptin is primarily produced by 

adipocytes. The level of circulating leptin acts as a satiety signal.  Coding or splice site 

mutations in the LEP gene render the leptin protein unable to signal through its receptor, 

which leads to severe childhood onset obesity[27,28]. These mutations are rare in the 

general population and their impact on the common obesity phenotype remains unclear.  

 

The LEP SNPs that have been most consistently associated with obesity are rs2167270 

(also known as LEP 19G>A) in the untranslated first exon[29-31], and rs7799039 (LEP -

2548G>A) in the 5’-region of the gene[32-35]. Studies in a Brazilian population[34,36]  

and adult Samoans[37] have also shown obesity to be correlated to variants of the LEP 

3’ hypervariable region (HVR).  The 3’HVR is a (TTTC)n tetranucleotide repeat located 

approximately 2,000bp downstream from LEP. The 3’UTR SNPs associated with BMI in 

this study do not share a haplotype block with the 3’HVR in Africans, and could be a 

manifestation of a uniquely African association to BMI and obesity. There are several 

plausible mechanisms by which a 3’UTR variant could impact on the functioning of a 

gene. They could reside in regions of miRNA binding sites or may affect gene 

expression in other ways as 3’UTRs have been shown to be involved in 

posttranscriptional regulation of gene expression through the modulation of 
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nucleocytoplasmic mRNA transport, translation efficiency, subcellular localization and 

message stability.[38].  

 

Variants in FTO (the only gene consistently associated with obesity) have been 

associated with adiposity measures in Europeans,[4,39] Asians[40,41] and African 

Americans[7], with the strongest effect seen with SNP rs9939609. Our study showed a 

modest association between the FTO SNP, rs17817449, and BMI after adjustment for 

sex, age and sex-specific pubertal stage. An estimated effect size of a 1.9% increase in 

BMI for each minor allele of rs17817449 was observed. Inconsistent associations 

between FTO variants and obesity measures have been observed in native African 

populations. In Gambians, no associations between FTO and weight-for-height z-scores 

were observed[9]. rs17817449 was directly assayed in that study, but showed no 

association. It should be noted that the Gambia has a very low obesity rate, which could 

possibly explain the null result. In west-Africans rs17817449 was not associated with 

BMI, but several other FTO variants were found to be associated[8]. The role of genetic 

variation at the FTO locus in predisposing to obesity in African populations warrants 

further investigation, specifically in relation to the epidemiological transition and access 

to a calorie rich diet.     

 

The rs17782313 SNP is one of several variants in MC4R linked to BMI in European 

populations, and has been shown to contribute to a significant increase in extreme 

obesity in adults[42]. In the present study this variant showed a borderline association 

with BMI (P=0.045) suggesting that this SNP is not the functional variant. It is located 3’ 

to the gene, and it is therefore possible that it may be in linkage disequilibrium with 

another polymorphism that disrupts the function of cis-acting elements involved in the 

control of MC4R gene transcription[43]. 

 

In this study, the SNP rs11099992 in NPY2R was observed to associate with BMI in 

female subjects only (P=0.003), whereas, MC4R rs12970134 showed a sex-specific 

effect in males (P=0.011). It has been observed that SNPs in the NPY2R gene have 

effects on obesity in males only[44-46]. One of these studies also showed that a SNP in 

PYY (encoding a ligand of NPY2R), associates with obesity-related traits in females only 

[45]. Furthermore, mutations in the MC4R gene that have been associated with morbid 

obesity have stronger effects in females than males[47]. These data suggest that the 
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phenotypic effect of sequence variation in the MC4R gene is differentially modified by 

sex depending on the site of the variant. Thus, genetic variants relevant to appetite-

regulatory pathways seem to have sex-specific effects on body composition, but the 

mechanism by which this occurs is still poorly understood.  

 

The data in this study are derived from a cohort of adolescents in the midst of puberty. It 

is therefore possible that the effects on weight of some polymorphisms may have been 

masked by puberty-associated changes in body fat mass[48-50]. It is also possible that 

the effects of some polymorphisms on BMI are observed only later in life[51]. However, it 

has been shown that the FTO and MC4R polymorphisms do influence anthropometry in 

adults and children and that other polymorphisms identified in GWAS in adults also have 

observable effects on childhood measures of adiposity[42,52-54].           

 

Replication has become the gold standard for assessing the validity of statistically 

significant results from association studies. However, a true result can fail to replicate in 

another independent sample for numerous reasons including differences in allele 

frequencies and haplotype structure that could influence the indirect detection of 

functional polymorphisms. A recent study showed that the power to replicate the 

statistically significant independent main effect of one polymorphism can drop 

dramatically with a change of allele frequency of less than 0.1 at a second interacting 

polymorphism. Differences in allele frequency could also result in a reversal of allelic 

effects where a putative protective allele becomes associated with increased risk in a 

replication study[55]. These are particularly important considerations when undertaking 

genomic research and replication studies in African populations, with known high levels 

of genome diversity and population substructure between different African 

groups[56,57]. The AIM data obtained in this study highlights that there are not high 

levels of heterogeneity within the South African group, but that the group differs from 

other African tribes, such as the Yoruba. Despite these differences, eighteen AIMs 

cannot resolve the detailed population differences between this South African population 

and other African groups, as the Bantu expansion occurred rather recently in history 

(~4000 years ago), and one would expect  that only major differences would be 

observable when only interrogating a small number of markers[57]. 
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Further studies on other candidate obesity loci in African populations will provide a better 

understanding of the role of variants in these genes in a population with a different LD 

structure to that of Caucasians[58]. In addition, a thorough examination of other 

measures of obesity is needed to better understand the complexities of obesity risk 

across different populations[3]. Such studies will be enhanced by more detailed 

phenotypic characterization of study cohorts that includes body fat distribution, as this is 

known to be a significant risk factor for other chronic diseases, such as cardiovascular 

disease and type II diabetes[59]. 
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LEGENDS TO FIGURES: 

 

Figure 1:  Observed cumulative effect of high risk alleles on BMI in a black South 

African adolescent cohort. The four risk alleles included in this analysis are: LEP-

rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-rs17782313 (G-allele); and 

FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents with 

specific number of obesity risk alleles.  Points show corresponding median (right axis) 

and vertical lines the interquartile range of BMI. 
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TABLES: 

Table 1: Candidate SNP allele and genotype frequencies in a black South African population, and P-values for additive allelic 

association with log(BMI) in adolescents 13 years of age. Significant P-values are shown in bold. 

        Frequency   

   
RefSNP alleles* Genotype Allele P-values 

Gene dbSNP ID n A B AA AB BB Minor Major Unadjusted Adjusted** HWE 

FTO rs9939973 977 A G 0.14 0.45 0.40 0.37 0.63 0.109 0.354 0.450 

  rs9940128 985 A G 0.12 0.47 0.41 0.35 0.65 0.105 0.379 0.403 

  rs1421085 986 T C 0.89 0.11 0.00 0.06 0.94 0.728 0.709 0.764 

  rs1121980 974 T C 0.20 0.51 0.29 0.45 0.55 0.125 0.294 0.518 

  rs17817449 977 T G 0.39 0.48 0.14 0.37 0.63 0.008 0.022 0.539 

  rs8050136 982 A C 0.17 0.51 0.32 0.42 0.58 0.021 0.057 0.170 

  rs9939609 981 A T 0.20 0.53 0.27 0.47 0.53 0.029 0.071 0.055 

LEP rs1349419 986 A G 0.96 0.04 0.00 0.02 0.98 0.388 0.612 1.000 

  rs12535708 975 A C 0.03 0.32 0.65 0.19 0.81 0.755 0.911 0.092 

  rs11770725 985 T C 0.91 0.09 0.00 0.05 0.95 0.640 0.993 0.491 

  rs12535747 977 A C 0.01 0.18 0.81 0.10 0.90 0.258 0.339 0.724 
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  rs2167270 964 A G 0.24 0.51 0.25 0.50 0.50 0.557 0.255 0.562 

  rs2278815 980 A G 0.00 0.08 0.92 0.04 0.96 0.918 0.887 1.000 

  rs2122627 984 T C 0.01 0.12 0.88 0.06 0.94 0.197 0.102 0.282 

  rs4236625 985 A T 0.78 0.21 0.02 0.12 0.88 0.804 0.706 0.366 

  rs12706832 979 A G 0.80 0.18 0.01 0.10 0.90 0.787 0.908 0.607 

  rs10244329 963 A T 0.41 0.45 0.14 0.37 0.63 0.034 0.161 0.447 

  rs7791621 984 A C 0.86 0.13 0.01 0.07 0.93 0.761 0.792 1.000 

  rs7795794 987 A G 0.01 0.12 0.87 0.07 0.93 0.185 0.084 0.308 

  rs10954174 973 A G 0.02 0.21 0.77 0.13 0.87 0.003 <0.001 0.111 

  rs3828942 962 A G 0.03 0.28 0.69 0.17 0.83 0.922 0.852 0.567 

  rs17151919 969 A G 0.02 0.26 0.71 0.15 0.85 0.699 0.829 1.000 

  rs17151922 974 T G 0.15 0.50 0.35 0.40 0.60 0.239 0.378 0.143 

  rs6966536 972 A G 0.73 0.25 0.02 0.14 0.86 0.014 0.012 0.896 

  rs10954173 977 A G 0.02 0.26 0.72 0.15 0.85 0.342 0.525 0.620 

  rs11761556 984 A C 0.01 0.19 0.80 0.11 0.89 0.798 0.659 0.737 

LEPR rs1137100 984 A G 0.89 0.11 0.00 0.06 0.94 0.602 0.602 1.000 
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  rs1137101 965 A G 0.20 0.52 0.28 0.45 0.55 0.650 0.905 0.271 

MC4R rs17782313 969 T C 0.55 0.39 0.06 0.25 0.75 0.070 0.045 0.444 

  rs12970134 981 A G 0.01 0.16 0.83 0.09 0.91 0.166 0.116 0.838 

NPY2R rs2880416 985 C G 0.00 0.08 0.92 0.04 0.96 0.094 0.186 1.000 

  rs2342676 953 A G 0.08 0.41 0.51 0.29 0.71 0.697 0.942 0.937 

  rs12649641 988 A C 0.48 0.43 0.08 0.30 0.70 0.601 0.786 0.255 

  rs11099992 964 A G 0.58 0.36 0.06 0.24 0.76 0.085 0.073 1.000 

  rs33977152 986 A G 0.01 0.09 0.90 0.05 0.95 0.508 0.301 0.181 

  rs12507396 982 A T 0.95 0.05 0.00 0.02 0.98 0.858 0.957 0.417 

  rs6857530 979 A G 0.05 0.36 0.58 0.23 0.77 0.666 0.707 0.790 

  rs10461238 971 C G 0.32 0.49 0.19 0.43 0.57 0.640 0.430 0.948 

  rs2342674 985 A G 0.00 0.13 0.87 0.07 0.93 0.530 0.476 0.308 

  rs1047214 977 T C 0.88 0.12 0.01 0.06 0.94 0.926 0.919 0.581 

  rs2880415 982 A G 0.55 0.40 0.05 0.25 0.75 0.458 0.292 0.061 

POMC rs6713532 970 T C 0.29 0.49 0.22 0.46 0.54 0.368 0.270 0.796 

  rs7565877 972 A G 0.37 0.49 0.14 0.39 0.61 0.944 0.967 0.742 
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  rs7565427 987 A G 0.01 0.20 0.79 0.11 0.89 0.633 0.889 0.418 

 

* RefSNP allele according to NCBI dbSNP Build 134  
** P-values are shown adjusted for age, sex and sex-specific pubertal stage 
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Table 2: Summary BMI statistics for SNPs that were individually associated with BMI  
 
    Typed Modeled     Median (IQR) of BMI per genotype   

Gene SNP   MA MAF mm* mM* MM* Effect 

FTO rs17817449 977 952 G 0.37 18.5 (16.9-20.7) 18.7 (17.2-21.1) 19.1 (17.6-22.5) 1.9 

LEP rs10954174 973 948 A 0.13 18.8 (17.1-21.3) 18.4 (17.2-20.5) 17.4 (16.8-19.1) -4.0 

LEP rs6966536 972 948 G 0.14 18.6 (17.1-20.8) 18.9 (17.1-21.5) 19.2 (18.5-21.6) 2.9 

MC4R rs17782313 969 945 C 0.25 18.9 (17.4-21.2) 18.5 (17.0-20.9) 19.0 (16.5-20.6) -1.8 

 

MA = minor allele; MAF= minor allele frequency; IQR=interquartile range; 
 
Effect sizes are from individual models, estimated individual percentage change in BMI for each minor allele, independent of age, sex and sex-
specific pubertal stage.  Effect sizes correspond to P-values (adjusted) in Table 1. 
 
*m denotes major allele; M is minor allele 
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Table 3:  SNPs individually associated with log(BMI) and three confounders (sex, pubertal 
stage and age). The model explains 16.4% of the covariation in log(BMI)  

 
Gene SNP MA Effect P-value 

FTO rs17817449 G 2.2 0.007 

LEP rs10954174 A -3.2 0.005 

LEP rs6966536 G 2.7 0.020 

MC4R rs17782313 C -2.0 0.028 

 

MA=minor allele 
 
P-values are from the joint model, so they are adjusted for age, sex and sex-specific pubertal 
stage and all other SNPs in the model. Effect=estimated % change in BMI of each minor allele, 
independent of other confounding variables (age, sex and sex-specific pubertal stage) and all 
other SNPs in the model (908 adolescents included in model).  
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Observed cumulative effect of high risk alleles on BMI in a black South African adolescent cohort. The four 
risk alleles included in this analysis are: LEP-rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-

rs17782313 (G-allele); and FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents 

with specific number of obesity risk alleles.  Points show corresponding median (right axis) and vertical lines 
the interquartile range of BMI.  
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STRUCTURE analysis with 18 AIMs illustrating no significant population substructure in the Bt20 cohort. The 
values of K indicate the number of hypothetical ancestral populations. The clustering at K = 2 distinctly 
separated the African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort from all other 
populations, indicating that these 18 SNPs have the power to detect major differences in population 

structure. Population designations: (1) South African cohort; (2) HapMap YRI; (3) HapMap CHB; (4) HapMap 
CEU.  
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Supplementary Figure Legend: 
 
 
Supplementary Figure 1: STRUCTURE analysis with 18 AIMs illustrating no significant 

population substructure in the Bt20 cohort. The values of K indicate the number of 

hypothetical ancestral populations. The clustering at K = 2 distinctly separated the 

African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort 

from all other populations, indicating that these 18 SNPs have the power to detect major 

differences in population structure. Population designations: (1) South African cohort; (2) 

HapMap YRI; (3) HapMap CHB; (4) HapMap CEU. 
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Supplementary Tables: 
 
 
Supplementary table 1: Summary of SNP information genotyped in candidate genes 
 
 

Gene SNP Genomic location * Chrom 
RefSNP 
Alleles ** 

Ancestral 
allele ** BMI assoc SNP TagSNP AIM 

FTO rs9939973 53800568 16 A/G G x     

  rs9940128 53800754   A/G G x     

  rs1421085 53800954   C/T T x     

  rs1121980 53809247   C/T T x     

  rs17817449 53813367   G/T G x     

  rs8050136 53816275   A/C A x     

  rs9939609 53820527   A/T A x     

LEP rs1349419 127877213 7 A/G A x     

  rs12535708 127878098   A/C C x     

  rs11770725 127878267   C/T T x     

  rs12535747 127878335   A/C C x     

  rs2167270 127881349   A/G G   x   

  rs2278815 127881851   A/G G   x   

  rs2122627 127883323   C/T C   x   

  rs4236625 127883695   A/T T   x   

  rs12706832 127887139   A/G A   x   

  rs10244329 127888689   A/T T   x   

  rs7791621 127889696   A/C A   x   

  rs7795794 127890151   A/G C   x   

  rs10954173 127891440   A/G G   x   

  rs3828942 127894305   A/G G   x   

  rs17151919 127894592   A/G G   x   

  rs17151922 127895216   G/T G   x   

  rs6966536 127896059   A/G A   x   

  rs10954174 127896536   A/G G   x   
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  rs11761556 127897069   A/C A   x   

LEPR rs1137100 66036441 1 A/G A x     

  rs1137101 66058513   A/G A x     

MC4R rs17782313 57851097 18 C/T T x     

  rs12970134 57884750   A/G G x     

NPY2R rs2880416 156124543 4 C/G C   x   

  rs2342676 156124704   A/G A x     

  rs12649641 156125333   A/C A   x   

  rs11099992 156125510   A/G A   x   

  rs33977152 156128589   A/G G   x   

  rs12507396 156129044   A/T A   x   

  rs6857530 156129154   A/G A   x   

  rs10461238 156132216   C/G G x     

  rs2342674 156135250   A/G G   x   

  rs1047214 156135676   C/T T x     

  rs2880415 156136027   A/G A   x   

POMC rs6713532 25384833 2 C/T C   x   

  rs7565427 25385638   A/G G   x   

  rs7565877 25386064   A/G A   x   

Ancestry informative 
markers rs723854 192511012 1 C/G G     x 

  rs1876482 17362568 2 C/T C    x 

  rs952718 215888624 2 A/C A    x 

  rs1344870 21307401 3 A/C A    x 

  rs720096 179551071 4 C/G C    x 

  rs1363448 140783596 5 C/T T    x 

  rs217538 108483470 6 C/G C    x 

  rs65264 28545611 7 C/T T    x 

  rs679047 12883664 9 A/T T    x 

  rs2077559 36014850 9 C/T T    x 

  rs714857 15974389 11 C/T T    x 

  rs953386 110943692 13 A/G A    x 

  rs722869 97277005 14 C/G C    x 
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  rs735612 34076642 15 G/T G    x 

  rs2089740 36310531 15 G/T G    x 

  rs1823718 74147244 15 C/T T    x 

  rs1858465 51142920 17 A/T A    x 

  rs2112527 9603751 19 A/G G     x 

 
* Chromosomal location of SNPs obtained from NCBI genome build 37.1 (hg19). 
** RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134.
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Supplementary table 2: Allele- and genotype frequencies of AIMs in the South African 
cohort 
 
      Frequency 

    RefSNP alleles* Genotype Allele 

SNP n A B AA AB BB A  B 

rs723854 974 C G 0.05 0.31 0.65 0.20 0.80 
rs1876482 983 T C 0.00 0.00 1.00 0.00 1.00 
rs952718 973 A C 0.49 0.42 0.09 0.70 0.30 
rs1344870 977 A C 0.90 0.10 0.00 0.95 0.05 
rs720096 970 C G 0.64 0.32 0.05 0.79 0.21 
rs1363448 981 T C 1.00 0.00 0.00 1.00 0.00 
rs217538 984 C G 0.00 0.03 0.97 0.02 0.98 
rs65264 982 T C 0.64 0.33 0.03 0.80 0.20 
rs679047 978 A T 0.08 0.43 0.50 0.29 0.71 
rs2077559 972 T C 0.44 0.45 0.10 0.67 0.33 
rs953386 988 A G 0.21 0.50 0.30 0.46 0.54 
rs722869 986 C G 0.79 0.20 0.01 0.89 0.11 
rs735612 979 T G 0.21 0.51 0.28 0.47 0.53 
rs2089740 970 T G 0.11 0.46 0.42 0.35 0.65 
rs1823718 972 T C 0.62 0.35 0.03 0.79 0.21 
rs1858465 972 A T 0.02 0.26 0.72 0.15 0.85 
rs2112527 984 A G 0.43 0.47 0.11 0.66 0.34 

 
* RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134.
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Supplementary table 3: Allele frequencies of AIMs in the South African cohort (SAB) and 
three HapMap populations 
 

      Allele Frequencies 

  RefSNP alleles* YRI CEU CHB SAB 

SNP ID A B A B A B A B A  B 

rs723854 C G 0.19 0.81 0.62 0.38 0.62 0.38 0.20 0.80 

rs1876482 T C 0.00 1.00 0.03 0.98 0.70 0.30 0.00 1.00 

rs952718 A C 0.74 0.26 0.11 0.89 0.04 0.96 0.70 0.30 

rs1344870 A C 0.95 0.05 0.98 0.02 0.73 0.27 0.95 0.05 

rs720096 C G 0.04 0.96 0.53 0.48 0.01 0.99 0.79 0.21 

rs1363448 T C 0.86 0.14 0.42 0.58 0.35 0.65 1.00 0.00 

rs217538 C G 0.97 0.03 0.68 0.32 0.41 0.59 0.02 0.98 

rs65264 T C 0.87 0.13 0.67 0.33 0.42 0.58 0.80 0.20 

rs679047 A T 0.22 0.78 0.08 0.92 0.09 0.91 0.29 0.71 

rs2077559 T C 0.77 0.23 0.88 0.12 0.73 0.27 0.67 0.33 

rs953386 A G 0.46 0.54 0.15 0.85 0.09 0.91 0.46 0.54 

rs722869 C G 0.93 0.07 0.88 0.12 0.14 0.86 0.89 0.11 

rs735612 T G 0.42 0.58 0.61 0.39 0.98 0.02 0.47 0.53 

rs2089740 T G 0.29 0.71 0.06 0.94 0.32 0.69 0.35 0.65 

rs1823718 T C 0.77 0.23 0.54 0.46 0.99 0.01 0.79 0.21 

rs1858465 A T 0.90 0.10 0.18 0.82 0.34 0.66 0.15 0.85 

rs2112527 A G 0.55 0.45 0.93 0.07 0.97 0.03 0.66 0.34 

 
* RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134 
 
YRI –  HapMap Yoruba from Nigeria; CEU – HapMap Utah residents with European ancestry ; CHB – 
HapMap Han Chinese population; SAB – South African black population (Bt20). 
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ABSTRACT  

Background: Obesity is a complex trait with both environmental and genetic 

contributors. Genome-wide association studies have identified several variants that are 

robustly associated with obesity and BMI many of which are found within genes involved 

in appetite regulation. Currently, genetic association data for obesity is lacking in 

Africans - a single GWAS and a few replication studies have been published in West 

Africans, but none have been performed in a South African population.   

Objectives: To assess the association of candidate with BMI in black South Africans. We 

focused on SNPs in the FTO, LEP, LEPR, MC4R, NPY2R and POMC genes. 

 

Design: A genetic association study. 

 

Participants: 990 randomly selected individuals from the larger Birth to Twenty cohort (a 

longitudinal birth cohort study of health and development in Africans). 

Measures: We genotyped 44 SNPs within the six candidate genes that included known 

BMI associated SNPs and tagSNPs based on linkage disequilibrium in an African 

populations for FTO, LEP and NPY2R. To assess population substructure, we included 

18 ancestry informative markers. Weight, height, sex, sex-specific pubertal stage and 

exact age collected during adolescence (13 years of age) were used to identify loci that 

predispose to obesity early in life. 

 

Results: Sex, sex-specific pubertal stage and exact age together explain 14.3% of the 

variation in log(BMI) at age 13. After adjustment for these factors, four SNPs were 

individually significantly associated with BMI: FTO rs17817449 (P=0.022); LEP 

rs10954174 (P=0.0004); LEP rs6966536 (P=0.012); MC4R rs17782313 (P=0.045). 

Together the four SNPs account for 2.1% of the variation in log(BMI).  Each risk allele 

was associated with an estimated average increase of 2.5% in BMI. 

 

Conclusions: The study highlighted FTO and MC4R as potential genetic markers of 

obesity risk in South Africans. The association with two SNPs in the 3’ UTR of the LEP 

gene is novel.
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ARTICLE SUMMARY  

Article focus: 

• This is a replication study aiming to reproduce BMI association findings from 

European cohorts in a South African population. 

• This study focused on genes linked to appetite control that were previously reported 

to show association with BMI or obesity, and included FTO, LEP, LEPR, MC4R, 

NPY2R and POMC.   

• Adolescent data were used to facilitate the identification of genetic loci that 

predispose to obesity early in life, as it is known that overweight/obese children have 

an elevated risk of becoming obese adults. 

 

Key messages: 

• We found four SNPs were individually significantly associated with BMI: FTO 

rs17817449 (p=0.022); LEP rs10954174 (p=0.0004); LEP rs6966536 (p=0.012) and 

MC4R rs17782313 (p=0.045).  

• Together the four SNPs account for 2.1% of the variation in log(BMI).   

• We also demonstrated that an accumulation of risk alleles is linked to a significant 

increase in BMI - individuals with seven risk alleles had an 11.0% increase in median 

BMI compared to individuals with two risk alleles. 

 

Strengths and limitations of this study: 

• This study provides the first preliminary evidence of the role of genetic variants in 

obesity risk in an adolescent black South African population. 

• This study was only moderately powered to detect association with BMI and not all 

genes were exhaustively investigated. 

• TagSNP selection would’ve been enhanced if South African data were available for 

this approach. 
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INTRODUCTION 

Being overweight or obese is a significant risk factor for the development of chronic 

diseases like type II diabetes and cardiovascular disease, and is becoming increasingly 

common in low- and middle-income countries[1]. Both environmental and genetic factors 

influence body mass, with the heritability of BMI estimated at 40-70%[2].   

 

The study of syndromic obesity and genome-wide association studies (GWAS) of 

common measures of adiposity (e.g. BMI) have provided evidence for genetic risk loci 

for obesity[3,4].  Current GWAS have primarily focused on populations of European 

origin, and only one GWAS for anthropomorphic traits, including BMI, has been 

performed in an indigenous African population. This study was carried out in a cohort of 

1,188 Nigerian subjects and replicated the association of MC4R with BMI, but no other 

significant associations were detected[5]. However, the study was underpowered to 

detect modest effects. Although several replication studies have been performed in 

African Americans[6,7] only a few are reported in well characterized African 

populations[8,9] and showed some supporting evidence of the role of FTO in a Nigerian 

population, but not in the Gambia. Genetic association studies in African populations 

have the significant advantage that linkage disequilibrium (LD) generally exists over a 

shorter genomic distance, potentially increasing the efficiency of the identification of 

causal variants[10].  

 

Several of the likely causal genes for increased body fat mass are involved in appetite 

regulation. Specifically, constituents of the leptin-melanocortin neurotransmission 

pathway have been implicated in both monogenic and polygenic obesity. Recent 

evidence that FTO (the only gene consistently associated with measures of obesity) acts 

on the central nervous system–mediated control of food intake[11] lends further support 

for the hypothesis that obesity may be a heritable neurobehavioral disorder.  

 

Obesity levels are rising at an alarming rate among black South Africans, with 29% and 

57% of men and women, respectively, being overweight or obese.  The major impact of 

obesity on the development of chronic diseases within South Africa  is demonstrated by 

data showing that in the year 2000, 87% of type 2 diabetes cases and 68% of 

hypertensive disease were attributable to a BMI ≥ 21[1]. The multifactorial nature of 

these conditions creates a challenge and understanding the genetic contribution to 
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obesity in black South Africans may influence the nature of effective interventions. The 

aim of this study was therefore to assess the association of genetic variants with BMI in 

black South African adolescents. We focused on genes linked to appetite control that 

were previously reported to show association with BMI or obesity: FTO, LEP, LEPR, 

MC4R, NPY2R and POMC.   

Page 5 of 69

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review
 only

6 

 

METHODS 

Participants 

The investigation focused on participants of the South African Birth to Twenty (Bt20) 

cohort study. Bt20 is a longitudinal study of the health and wellbeing of children that 

were born in the metropolitan area of Soweto, Johannesburg, during a six-week period 

in 1990. Participants in Bt20 were enrolled at birth and detailed information has been 

collected from the participants and their caregivers over the past twenty years[12]. 

Following informed consent, blood samples were collected and DNA extracted using a 

salting-out method[13]. The Bt20 research programme, has received clearance by the 

Human Research Ethics Committee: (Medical) of the University of the Witwatersrand 

(M010556). The Federal Wise Assurance registration number of the Committee is 

FWA00000715. 

 

A subset of individuals from the Bt20 cohort (524 female and 466 male adolescents, total 

n=990) were randomly selected for this study. This represents 43% of the total cohort 

(total cohort = 2290 participants). The following calculation illustrates that this study was 

adequately powered.  Group sizes of 748, 204, and 21 (total=973), corresponding to 

rs10954174 genotype frequencies observed in this study,  will achieve 93% power to 

detect differences among the means of BMI using an F test with a 0.05 significance 

level, as is standard in linear regression models. The size of the variation in the means 

(say 18, 19 and 20) is represented by their standard deviation which is 0.47. The 

common standard deviation within a group is assumed to be 4. 

 

Adolescent data (participants were 13 years of age at the time measurements were 

done) were used to facilitate the identification of genetic loci that predispose to obesity 

early in life, as it is known that overweight/obese children have an elevated risk of 

becoming obese adults[14]. Anthropometric measurements were obtained using 

standard methods[15]. BMI was computed as weight (measured in kg) divided by the 

square of the height (measured in meters) of an individual. Pubertal stage was assessed 

using a validated self-assessment method drawing upon the Tanner sexual development 

tool[16] and exact age at time of measurement were recorded. 
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Population substructure 

A set of 18 ancestry informative markers (AIMs) were included to assess population 

substructure within the study group, based on previously published data[17] and local 

unpublished data[18]. Population substructure was assessed computationally using 

STRUCTURE v.2.3.3 software[19]. For comparative purposes, genotypes of the AIMs 

were obtained from HapMap (release 24) for three additional populations - the Yoruba 

from Nigeria (YRI), the Han Chinese population (CHB) and Utah residents with 

European ancestry (CEU). STRUCTURE implements the value K to distinguish parental 

populations, with K referring to the number of inferred population clusters. The true value 

of K may not always be known, but the smallest value of K that captures the majority of 

structure in the data should be obtained. Ten iterations at K = 1 to K = 4 with a burn-in of 

30,000 followed by 100,000 iterations were implemented. The K value with the highest 

average posterior likelihood score was calculated and used to identify the best cluster 

assignment. 

 

SNP selection 

SNPs previously shown to be associated with BMI or obesity in FTO, LEP, LEPR, 

MC4R, NPY2R and POMC were identified from the literature. In addition, tagSNPs were 

selected for LEP, NPY2R and POMC, to ensure that known common polymorphisms are 

either directly assayed or associated with a tagSNP in these genes. SNPs from the 

literature were not force included in tagSNP selection. The Tagger algorithm[20] was 

used to select tagSNPs in a multimarker approach at r2 > 0.80 and with a minor allele 

frequency (MAF) > 0.05 among publicly available African data (YRI) from the HapMap 

dataset (release 24). The Illumina Assay Design Tool (Illumina, San Diego, CA) was 

used to assess the SNPs’ compatibility for inclusion in a custom-design GoldenGate™ 

VeraCode Assay and 62 SNPs were selected for genotyping (Supplementary Table 1).  

 

Genotyping 

Genotyping was performed using the Illumina GoldenGate™ VeraCode assay (Illumina, 

San Diego, CA, USA). Quality control was performed on all raw genotype data according 

to the supplier’s specifications using BeadStudio v2.0 software (Illumina, San Diego, CA) 

(summarized in[21]). Standard quality control filters were applied to the data[22]: minor 

allele frequency (MAF) >0.01, SNP missingness rate < 0.05, individual missingness rate 

< 0.2 and Hardy-Weinberg equilibrium (HWE) <1 x 10 -4. 
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LD plots 

LD was visualized using Haploview v4.2[23], implementing the confidence interval 

method of Gabriel et al.[24] to construct haplotype blocks. The chromosomal location of 

SNPs was obtained from NCBI (genome build 37.1). 

 

Statistical Analysis 

The programming environment R, and R package genetics were used for all statistics 

(from www.r-project.org). 

 

Individual genotype associations with BMI 

Genotype and allele frequencies were calculated through direct counting. The 

distribution of BMI was skewed to the right and therefore BMI was log transformed to 

approximate normality for all analyses. Linear models were used for all analyses 

(individual association, joint association, sex-specific association and risk score 

association), starting by comparing BMI between genotype groups, enabling adjustment 

for confounders. As BMI correlated significantly with sex, sex-specific pubertal stage and 

exact age, some analyses were adjusted for these variables by including them in the 

linear models as covariates.  All association P-values are from linear models of log(BMI).  

Exact tests of HWE were also performed.  Because of its skewed distribution in this 

study group, BMI is summarized as median values as well as inter-quartile ranges (IQR), 

with lower quartile and upper quartiles reported. 

 

Furthermore, each genotype was modeled additively as the number of minor alleles 

present.  Because we modelled log(BMI), the modeled effect of each allele is reported as 

a percentage change (increase or decrease) in BMI.  

 

Joint model and allele risk score of all associated SNPs 

We also created and summarized a linear model containing all the variants that were 

individually significantly associated with BMI. We used all significantly associated 

variants to calculate a risk allele score by counting the number of alleles associated with 

increasing BMI in each adolescent. This risk allele score was also assessed with a linear 

model, independent of the three confounders. 
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Sex-specific effects 

In order to detect sex-specific effects, we modeled the interaction between sex and each 

variant and summarized the significant results.  

 

Correcting for multiple testing 

Correcting for multiple testing is a contentious issue, and some approaches (such as 

Bonferroni correction) are considered over-conservative and one risks the rejection of 

true findings[25,26]. Given the strong prior information about the role of the variation 

tested here in obesity, we considered this a replication study, and therefore P-values 

below 0.05 were considered significant. For tagSNPs, tests of associations could be 

considered discovery rather than replication, but since these markers are correlated due 

to linkage disequilibrium, the Bonferroni assumption of independence is not upheld. 
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RESULTS 

Participants 

The study group consists of 524 (53.0%) female and 466 (47.0%) male adolescents, with 

a mean age of 13.7 years (SD=0.2 years).  Females had a higher median BMI (19.4 

[IQR = 17.8-22.3]) than males (18.0 [IQR = 16.6-19.7]; P< 0.0001). BMI increased 

across the five pubertal stages in both males (P< 0.0324) and females (P<0.0001), but 

at significantly different rates.  Exact age (days) correlated positively with BMI in males 

(P=0.027) but not females (P=0.305).  In a joint model, sex, sex-specific pubertal stage 

and age each correlated independently with BMI and together explained 14.3% 

(P<0.001) of the variation in log(BMI). Pubertal effect when assessed alone had the 

greatest impact (10.7%) followed by sex (5.7%). As a result, all analyses were adjusted 

for age, sex and pubertal stage per sex.  Unadjusted P-values of individual tests are 

presented for comparison (Table 1). 

 

Population substructure 

One AIM failed quality control measures and was subsequently excluded from analysis. 

Analysis of allele frequencies of AIMs in the South African cohort (Supplementary table 

2), and comparison to three other ethnic groups (Supplementary table 3), confirmed that 

there was no significant population substructure within the study cohort (Supplementary 

Figure 1). The South African population and the YRI group showed distinctive clustering 

away from the Caucasian and Asian populations. Although the South African cohort and 

the YRI had similar clustering patterns, higher order clustering of all individuals included 

in this analysis (i.e. higher values of K, where K indicates the number of parental 

populations) was shown to highlight the genetic distinction between these two African 

groups. 

 

LD plot 

To illustrate the unique patterns of LD in the South African population, an LD plot of the 

gene most significantly associated with BMI (LEP) was constructed (Supplementary 

Figure 2) Evidence of three LD blocks covering the gene is observed, with the 3' end of 

the gene in particular exhibiting high LD. 

 

 

 

Page 10 of 69

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review
 only

11 

 

Statistical Analysis 

Individual genotype associations with BMI 

The genotype and allele frequencies of all candidate SNPs, as well as P-values for tests 

of additive allelic association with log(BMI) are shown in Table 1.  All SNPs were in HWE 

(Table 1). Table 2 presents the median and IQR of BMI for SNPs that were significantly 

associated with BMI following adjustment for sex, pubertal stage and age. Estimated 

effect sizes (percentage difference in BMI associated with each additional minor allele, 

compared to the major allele homozygote) adjusted for age, sex and pubertal stage are 

also presented. For two SNPs, LEP rs6966536 and FTO rs17817449, the minor allele (G 

in both cases) is associated with increased BMI whereas the major allele is associated 

with increased BMI for the other two SNPs, LEP rs10954174 and MC4R rs17782313 (G 

and T, respectively). When referring to “risk” allele it is the allele that is associated with 

increased BMI.    

 

For LEP rs6966536, each G-allele was associated with a 2.9% higher BMI (P=0.012) 

whereas for LEP rs10954174, each A-allele is associated with an estimated decrease of 

4.0% in BMI (P< 0.001).  Thus, for an adolescent of the same age, sex and pubertal 

stage, we would expect an individual with the A/G genotype at rs10954174 to have a 

BMI that is 4.0% less than that of a G/G homozygote; and the A/A homozygote is 

expected to have an 8.0% lower BMI compared to the G/G homozygote. Adolescents 

who are A/G heterozygotes for LEP rs6966536 are expected to have a 2.9% higher BMI 

than A/A homozygotes whilst the G/G homozygotes would have a 5.8% higher BMI. 

 

Sex-specific effects 

Two SNPs – MC4R rs12970134 and NPY2R rs11099992 – showed significant sex 

differences in their effects on BMI (results not shown). In females, each G-allele of the 

NPY2R rs11099992 SNP predicted a decrease in BMI by 3.7% (P-value=0.003) while in 

males the effect was not significant (P=0.523). In males, each A-allele of the MC4R 

rs12970134 SNP predicted an increase in BMI of 5.2% (P=0.011) while in females the 

effect was not significant (P=0.785). These SNPs were not associated with log(BMI) in 

the group as a whole (Table 1). 

 

 

Joint model 
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To assess the combined effect of the four SNPs that were individually associated with 

log(BMI) and the three confounders (sex, pubertal stage and age), a model was built 

based on 908 participants who had compete information.   The model explained 16.4% 

of the variation in log(BMI), so that the four variants contributed 2.1% to the variation, 

independent of the three confounders (Table 3).The two LEP SNPs had the largest 

effects, followed by the FTO and then the MC4R SNPs, which each had similar effect 

sizes (2.2 and -2.0, respectively). The seven FTO SNPs in this study explain 0.6% of 

variation in log(BMI) after adjusting for age gender and sex-specific pubertal stage; and 

1.4% unadjusted. 

 

 

Allelic risk score 

Figure 1 shows the number of adolescents with each number of additive risk alleles (the 

allele associated with higher BMI – four loci and therefore a maximum of eight risk 

alleles in an individual) as well as the median and IQR of BMI for each group.  Since 

there were less than ten individuals each in the categories of one risk allele (seven 

individuals) and eight risk alleles (one individual), these were excluded from the figure. 

The estimated increase in BMI, for each risk allele, is 2.5%, independent of age, sex and 

sex-specific pubertal stage, and individuals with seven risk alleles had an 11.0% 

increase [(20.0-18.0)/18.0] in median BMI compared to a group of individuals with two 

risk alleles. 
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DISCUSSION 

This study provides preliminary evidence of the role of genetic variants in obesity risk in 

an adolescent black South African group. Individual SNPs in FTO, LEP and MC4R 

genes were shown to be associated with an increase in BMI, and the cumulative effect of 

the risk alleles (one to eight alleles) in FTO, LEP and MC4R, was demonstrated. 

Together they contribute 2.1% to the variation observed in log(BMI) in this group of 

subjects, after adjusting for age, sex and sex-specific pubertal stage. Recent GWAS in 

populations of European ancestry have identified 32 common loci associated with BMI, 

explaining only 1.5% of the inter-individual variation in BMI[4]. We also demonstrated 

that an accumulation of risk alleles is linked to a significant increase in BMI (Figure 1). In 

our study, individuals with seven risk alleles had an 11.0% increase in median BMI 

compared to individuals with two risk alleles. 

 

We provide preliminary evidence that SNPs in the 3’UTR of LEP (rs10954174, P=0.0004 

and rs6966536, P=0.012) are associated with BMI in South Africans. Leptin is an integral 

molecule in energy homeostasis and circulating leptin is primarily produced by 

adipocytes. The level of circulating leptin acts as a satiety signal.  Coding or splice site 

mutations in the LEP gene render the leptin protein unable to signal through its receptor, 

which leads to severe childhood onset obesity[27,28]. These mutations are rare in the 

general population and their impact on the common obesity phenotype remains unclear.  

 

The LEP SNPs that have been most consistently associated with obesity are rs2167270 

(also known as LEP 19G>A) in the untranslated first exon[29-31], and rs7799039 (LEP -

2548G>A) in the 5’-region of the gene[32-35]. Studies in a Brazilian population[34,36]  

and adult Samoans[37] have also shown obesity to be correlated to variants of the LEP 

3’ hypervariable region (HVR).  The 3’HVR is a (TTTC)n tetranucleotide repeat located 

approximately 2,000bp downstream from LEP. The 3’UTR SNPs associated with BMI in 

this study do not share a haplotype block with the 3’HVR in Africans, and could be a 

manifestation of a uniquely African association to BMI and obesity. There are several 

plausible mechanisms by which a 3’UTR variant could impact on the functioning of a 

gene. They could reside in regions of miRNA binding sites or may affect gene 

expression in other ways as 3’UTRs have been shown to be involved in 

posttranscriptional regulation of gene expression through the modulation of 
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nucleocytoplasmic mRNA transport, translation efficiency, subcellular localization and 

message stability.[38].  

 

Variants in FTO (the only gene consistently associated with obesity) have been 

associated with adiposity measures in Europeans,[4,39] Asians[40,41] and African 

Americans[7], with the strongest effect seen with SNP rs9939609. Our study showed a 

modest association between the FTO SNP, rs17817449, and BMI after adjustment for 

sex, age and sex-specific pubertal stage. An estimated effect size of a 1.9% increase in 

BMI for each minor allele of rs17817449 was observed. Inconsistent associations 

between FTO variants and obesity measures have been observed in native African 

populations. In Gambians, no associations between FTO and weight-for-height z-scores 

were observed[9]. rs17817449 was directly assayed in that study, but showed no 

association. It should be noted that the Gambia has a very low obesity rate, which could 

possibly explain the null result. In west-Africans rs17817449 was not associated with 

BMI, but several other FTO variants were found to be associated[8]. The role of genetic 

variation at the FTO locus in predisposing to obesity in African populations warrants 

further investigation, specifically in relation to the epidemiological transition and access 

to a calorie rich diet.     

 

The rs17782313 SNP is one of several variants in MC4R linked to BMI in European 

populations, and has been shown to contribute to a significant increase in extreme 

obesity in adults[42]. In the present study this variant showed a borderline association 

with BMI (P=0.045) suggesting that this SNP is not the functional variant. It is located 3’ 

to the gene, and it is therefore possible that it may be in linkage disequilibrium with 

another polymorphism that disrupts the function of cis-acting elements involved in the 

control of MC4R gene transcription[43]. 

 

In this study, the SNP rs11099992 in NPY2R was observed to associate with BMI in 

female subjects only (P=0.003), whereas, MC4R rs12970134 showed a sex-specific 

effect in males (P=0.011). It has been observed that SNPs in the NPY2R gene have 

effects on obesity in males only[44-46]. One of these studies also showed that a SNP in 

PYY (encoding a ligand of NPY2R), associates with obesity-related traits in females only 

[45]. Furthermore, mutations in the MC4R gene that have been associated with morbid 

obesity have stronger effects in females than males[47]. These data suggest that the 
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phenotypic effect of sequence variation in the MC4R gene is differentially modified by 

sex depending on the site of the variant. Thus, genetic variants relevant to appetite-

regulatory pathways seem to have sex-specific effects on body composition, but the 

mechanism by which this occurs is still poorly understood.  

 

The data in this study are derived from a cohort of adolescents in the midst of puberty. It 

is therefore possible that the effects on weight of some polymorphisms may have been 

masked by puberty-associated changes in body fat mass[48-50]. It is also possible that 

the effects of some polymorphisms on BMI are observed only later in life[51]. However, it 

has been shown that the FTO and MC4R polymorphisms do influence anthropometry in 

adults and children and that other polymorphisms identified in GWAS in adults also have 

observable effects on childhood measures of adiposity[42,52-54].           

 

Replication has become the gold standard for assessing the validity of statistically 

significant results from association studies. However, a true result can fail to replicate in 

another independent sample for numerous reasons including differences in allele 

frequencies and haplotype structure that could influence the indirect detection of 

functional polymorphisms. A recent study showed that the power to replicate the 

statistically significant independent main effect of one polymorphism can drop 

dramatically with a change of allele frequency of less than 0.1 at a second interacting 

polymorphism. Differences in allele frequency could also result in a reversal of allelic 

effects where a putative protective allele becomes associated with increased risk in a 

replication study[55]. These are particularly important considerations when undertaking 

genomic research and replication studies in African populations, with known high levels 

of genome diversity and population substructure between different African 

groups[56,57]. The AIM data obtained in this study highlights that there are not high 

levels of heterogeneity within the South African group, but that the group differs from 

other African tribes, such as the Yoruba. Despite these differences, eighteen AIMs 

cannot resolve the detailed population differences between this South African population 

and other African groups, as the Bantu expansion occurred rather recently in history 

(~4000 years ago), and one would expect  that only major differences would be 

observable when only interrogating a small number of markers[57]. 
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Further studies on other candidate obesity loci in African populations will provide a better 

understanding of the role of variants in these genes in a population with a different LD 

structure to that of Caucasians[58]. In addition, a thorough examination of other 

measures of obesity is needed to better understand the complexities of obesity risk 

across different populations[3]. Such studies will be enhanced by more detailed 

phenotypic characterization of study cohorts that includes body fat distribution, as this is 

known to be a significant risk factor for other chronic diseases, such as cardiovascular 

disease and type II diabetes[59]. 
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LEGENDS TO FIGURES: 

 

Figure 1:  Observed cumulative effect of high risk alleles on BMI in a black South 

African adolescent cohort. The four risk alleles included in this analysis are: LEP-

rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-rs17782313 (G-allele); and 

FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents with 

specific number of obesity risk alleles.  Points show corresponding median (right axis) 

and vertical lines the interquartile range of BMI. 
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TABLES: 

Table 1: Candidate SNP allele and genotype frequencies in a black South African population, and P-values for additive allelic 

association with log(BMI) in adolescents 13 years of age. Significant P-values are shown in bold. 

        Frequency   

   RefSNP alleles* Genotype Allele P-values 

Gene dbSNP ID n A B AA AB BB Minor Major Unadjusted Adjusted** HWE 

FTO rs9939973 977 A G 0.14 0.45 0.40 0.37 0.63 0.109 0.354 0.450 

  rs9940128 985 A G 0.12 0.47 0.41 0.35 0.65 0.105 0.379 0.403 

  rs1421085 986 T C 0.89 0.11 0.00 0.06 0.94 0.728 0.709 0.764 

  rs1121980 974 T C 0.20 0.51 0.29 0.45 0.55 0.125 0.294 0.518 

  rs17817449 977 T G 0.39 0.48 0.14 0.37 0.63 0.008 0.022 0.539 

  rs8050136 982 A C 0.17 0.51 0.32 0.42 0.58 0.021 0.057 0.170 

  rs9939609 981 A T 0.20 0.53 0.27 0.47 0.53 0.029 0.071 0.055 

LEP rs1349419 986 A G 0.96 0.04 0.00 0.02 0.98 0.388 0.612 1.000 

  rs12535708 975 A C 0.03 0.32 0.65 0.19 0.81 0.755 0.911 0.092 

  rs11770725 985 T C 0.91 0.09 0.00 0.05 0.95 0.640 0.993 0.491 

  rs12535747 977 A C 0.01 0.18 0.81 0.10 0.90 0.258 0.339 0.724 
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  rs2167270 964 A G 0.24 0.51 0.25 0.50 0.50 0.557 0.255 0.562 

  rs2278815 980 A G 0.00 0.08 0.92 0.04 0.96 0.918 0.887 1.000 

  rs2122627 984 T C 0.01 0.12 0.88 0.06 0.94 0.197 0.102 0.282 

  rs4236625 985 A T 0.78 0.21 0.02 0.12 0.88 0.804 0.706 0.366 

  rs12706832 979 A G 0.80 0.18 0.01 0.10 0.90 0.787 0.908 0.607 

  rs10244329 963 A T 0.41 0.45 0.14 0.37 0.63 0.034 0.161 0.447 

  rs7791621 984 A C 0.86 0.13 0.01 0.07 0.93 0.761 0.792 1.000 

  rs7795794 987 A G 0.01 0.12 0.87 0.07 0.93 0.185 0.084 0.308 

  rs10954174 973 A G 0.02 0.21 0.77 0.13 0.87 0.003 <0.001 0.111 

  rs3828942 962 A G 0.03 0.28 0.69 0.17 0.83 0.922 0.852 0.567 

  rs17151919 969 A G 0.02 0.26 0.71 0.15 0.85 0.699 0.829 1.000 

  rs17151922 974 T G 0.15 0.50 0.35 0.40 0.60 0.239 0.378 0.143 

  rs6966536 972 A G 0.73 0.25 0.02 0.14 0.86 0.014 0.012 0.896 

  rs10954173 977 A G 0.02 0.26 0.72 0.15 0.85 0.342 0.525 0.620 

  rs11761556 984 A C 0.01 0.19 0.80 0.11 0.89 0.798 0.659 0.737 

LEPR rs1137100 984 A G 0.89 0.11 0.00 0.06 0.94 0.602 0.602 1.000 
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  rs1137101 965 A G 0.20 0.52 0.28 0.45 0.55 0.650 0.905 0.271 

MC4R rs17782313 969 T C 0.55 0.39 0.06 0.25 0.75 0.070 0.045 0.444 

  rs12970134 981 A G 0.01 0.16 0.83 0.09 0.91 0.166 0.116 0.838 

NPY2R rs2880416 985 C G 0.00 0.08 0.92 0.04 0.96 0.094 0.186 1.000 

  rs2342676 953 A G 0.08 0.41 0.51 0.29 0.71 0.697 0.942 0.937 

  rs12649641 988 A C 0.48 0.43 0.08 0.30 0.70 0.601 0.786 0.255 

  rs11099992 964 A G 0.58 0.36 0.06 0.24 0.76 0.085 0.073 1.000 

  rs33977152 986 A G 0.01 0.09 0.90 0.05 0.95 0.508 0.301 0.181 

  rs12507396 982 A T 0.95 0.05 0.00 0.02 0.98 0.858 0.957 0.417 

  rs6857530 979 A G 0.05 0.36 0.58 0.23 0.77 0.666 0.707 0.790 

  rs10461238 971 C G 0.32 0.49 0.19 0.43 0.57 0.640 0.430 0.948 

  rs2342674 985 A G 0.00 0.13 0.87 0.07 0.93 0.530 0.476 0.308 

  rs1047214 977 T C 0.88 0.12 0.01 0.06 0.94 0.926 0.919 0.581 

  rs2880415 982 A G 0.55 0.40 0.05 0.25 0.75 0.458 0.292 0.061 

POMC rs6713532 970 T C 0.29 0.49 0.22 0.46 0.54 0.368 0.270 0.796 

  rs7565877 972 A G 0.37 0.49 0.14 0.39 0.61 0.944 0.967 0.742 
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  rs7565427 987 A G 0.01 0.20 0.79 0.11 0.89 0.633 0.889 0.418 

 

* RefSNP allele according to NCBI dbSNP Build 134  
** P-values are shown adjusted for age, sex and sex-specific pubertal stage 
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Table 2: Summary BMI statistics for SNPs that were individually associated with BMI  
 
    Typed Modeled     Median (IQR) of BMI per genotype   

Gene SNP   MA MAF mm* mM* MM* Effect 

FTO rs17817449 977 952 G 0.37 18.5 (16.9-20.7) 18.7 (17.2-21.1) 19.1 (17.6-22.5) 1.9 

LEP rs10954174 973 948 A 0.13 18.8 (17.1-21.3) 18.4 (17.2-20.5) 17.4 (16.8-19.1) -4.0 

LEP rs6966536 972 948 G 0.14 18.6 (17.1-20.8) 18.9 (17.1-21.5) 19.2 (18.5-21.6) 2.9 

MC4R rs17782313 969 945 C 0.25 18.9 (17.4-21.2) 18.5 (17.0-20.9) 19.0 (16.5-20.6) -1.8 

 

MA = minor allele; MAF= minor allele frequency; IQR=interquartile range; 
 
Effect sizes are from individual models, estimated individual percentage change in BMI for each minor allele, independent of age, sex and sex-
specific pubertal stage.  Effect sizes correspond to P-values (adjusted) in Table 1. 
 
*m denotes major allele; M is minor allele 
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Table 3:  SNPs individually associated with log(BMI) and three confounders (sex, pubertal 
stage and age). The model explains 16.4% of the covariation in log(BMI)  

 
Gene SNP MA Effect P-value 

FTO rs17817449 G 2.2 0.007 

LEP rs10954174 A -3.2 0.005 

LEP rs6966536 G 2.7 0.020 

MC4R rs17782313 C -2.0 0.028 

 

MA=minor allele 
 
P-values are from the joint model, so they are adjusted for age, sex and sex-specific pubertal 
stage and all other SNPs in the model. Effect=estimated % change in BMI of each minor allele, 
independent of other confounding variables (age, sex and sex-specific pubertal stage) and all 
other SNPs in the model (908 adolescents included in model).  
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Observed cumulative effect of high risk alleles on BMI in a black South African adolescent cohort. The four 
risk alleles included in this analysis are: LEP-rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-

rs17782313 (G-allele); and FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents 

with specific number of obesity risk alleles.  Points show corresponding median (right axis) and vertical lines 
the interquartile range of BMI.  
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Supplementary Figure Legend: 
 
 
Supplementary Figure 1: STRUCTURE analysis with 18 AIMs illustrating no significant 

population substructure in the Bt20 cohort. The values of K indicate the number of 

hypothetical ancestral populations. The clustering at K = 2 distinctly separated the 

African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort 

from all other populations, indicating that these 18 SNPs have the power to detect major 

differences in population structure. Population designations: (1) South African cohort; (2) 

HapMap YRI; (3) HapMap CHB; (4) HapMap CEU. 

 

Supplementary Figure 2: LD across LEP in a South African black population. The top 

section of the figure illustrates the gene and represents the location of the SNPs in LEP 

that were genotyped in this study. The lower section of the figure shows the output of 

Haploview – each square (with D’ values depicted within the box) represents a pair-wise 

LD relationship between two SNPs.  
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Supplementary Tables: 
 
 
Supplementary table 1: Summary of SNP information genotyped in candidate genes 
 
 

Gene SNP Genomic location * Chrom 
RefSNP 
Alleles ** 

Ancestral 
allele ** BMI assoc SNP TagSNP AIM 

FTO rs9939973 53800568 16 A/G G x     

  rs9940128 53800754   A/G G x     

  rs1421085 53800954   C/T T x     

  rs1121980 53809247   C/T T x     

  rs17817449 53813367   G/T G x     

  rs8050136 53816275   A/C A x     

  rs9939609 53820527   A/T A x     

LEP rs1349419 127877213 7 A/G A x     

  rs12535708 127878098   A/C C x     

  rs11770725 127878267   C/T T x     

  rs12535747 127878335   A/C C x     

  rs2167270 127881349   A/G G   x   

  rs2278815 127881851   A/G G   x   

  rs2122627 127883323   C/T C   x   

  rs4236625 127883695   A/T T   x   

  rs12706832 127887139   A/G A   x   

  rs10244329 127888689   A/T T   x   

  rs7791621 127889696   A/C A   x   

  rs7795794 127890151   A/G C   x   

  rs10954173 127891440   A/G G   x   

  rs3828942 127894305   A/G G   x   

  rs17151919 127894592   A/G G   x   

  rs17151922 127895216   G/T G   x   

  rs6966536 127896059   A/G A   x   

  rs10954174 127896536   A/G G   x   
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  rs11761556 127897069   A/C A   x   

LEPR rs1137100 66036441 1 A/G A x     

  rs1137101 66058513   A/G A x     

MC4R rs17782313 57851097 18 C/T T x     

  rs12970134 57884750   A/G G x     

NPY2R rs2880416 156124543 4 C/G C   x   

  rs2342676 156124704   A/G A x     

  rs12649641 156125333   A/C A   x   

  rs11099992 156125510   A/G A   x   

  rs33977152 156128589   A/G G   x   

  rs12507396 156129044   A/T A   x   

  rs6857530 156129154   A/G A   x   

  rs10461238 156132216   C/G G x     

  rs2342674 156135250   A/G G   x   

  rs1047214 156135676   C/T T x     

  rs2880415 156136027   A/G A   x   

POMC rs6713532 25384833 2 C/T C   x   

  rs7565427 25385638   A/G G   x   

  rs7565877 25386064   A/G A   x   

Ancestry informative 
markers rs723854 192511012 1 C/G G     x 

  rs1876482 17362568 2 C/T C    x 

  rs952718 215888624 2 A/C A    x 

  rs1344870 21307401 3 A/C A    x 

  rs720096 179551071 4 C/G C    x 

  rs1363448 140783596 5 C/T T    x 

  rs217538 108483470 6 C/G C    x 

  rs65264 28545611 7 C/T T    x 

  rs679047 12883664 9 A/T T    x 

  rs2077559 36014850 9 C/T T    x 

  rs714857 15974389 11 C/T T    x 

  rs953386 110943692 13 A/G A    x 

  rs722869 97277005 14 C/G C    x 
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  rs735612 34076642 15 G/T G    x 

  rs2089740 36310531 15 G/T G    x 

  rs1823718 74147244 15 C/T T    x 

  rs1858465 51142920 17 A/T A    x 

  rs2112527 9603751 19 A/G G     x 

 
* Chromosomal location of SNPs obtained from NCBI genome build 37.1 (hg19). 
** RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134.
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Supplementary table 2: Allele- and genotype frequencies of AIMs in the South African 
cohort 
 
      Frequency 

    RefSNP alleles* Genotype Allele 

SNP n A B AA AB BB A  B 

rs723854 974 C G 0.05 0.31 0.65 0.20 0.80 
rs1876482 983 T C 0.00 0.00 1.00 0.00 1.00 
rs952718 973 A C 0.49 0.42 0.09 0.70 0.30 
rs1344870 977 A C 0.90 0.10 0.00 0.95 0.05 
rs720096 970 C G 0.64 0.32 0.05 0.79 0.21 
rs1363448 981 T C 1.00 0.00 0.00 1.00 0.00 
rs217538 984 C G 0.00 0.03 0.97 0.02 0.98 
rs65264 982 T C 0.64 0.33 0.03 0.80 0.20 
rs679047 978 A T 0.08 0.43 0.50 0.29 0.71 
rs2077559 972 T C 0.44 0.45 0.10 0.67 0.33 
rs953386 988 A G 0.21 0.50 0.30 0.46 0.54 
rs722869 986 C G 0.79 0.20 0.01 0.89 0.11 
rs735612 979 T G 0.21 0.51 0.28 0.47 0.53 
rs2089740 970 T G 0.11 0.46 0.42 0.35 0.65 
rs1823718 972 T C 0.62 0.35 0.03 0.79 0.21 
rs1858465 972 A T 0.02 0.26 0.72 0.15 0.85 

rs2112527 984 A G 0.43 0.47 0.11 0.66 0.34 

 
* RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134.
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Supplementary table 3: Allele frequencies of AIMs in the South African cohort (SAB) and 
three HapMap populations 
 

      Allele Frequencies 

  RefSNP alleles* YRI CEU CHB SAB 

SNP ID A B A B A B A B A  B 

rs723854 C G 0.19 0.81 0.62 0.38 0.62 0.38 0.20 0.80 

rs1876482 T C 0.00 1.00 0.03 0.98 0.70 0.30 0.00 1.00 

rs952718 A C 0.74 0.26 0.11 0.89 0.04 0.96 0.70 0.30 

rs1344870 A C 0.95 0.05 0.98 0.02 0.73 0.27 0.95 0.05 

rs720096 C G 0.04 0.96 0.53 0.48 0.01 0.99 0.79 0.21 

rs1363448 T C 0.86 0.14 0.42 0.58 0.35 0.65 1.00 0.00 

rs217538 C G 0.97 0.03 0.68 0.32 0.41 0.59 0.02 0.98 

rs65264 T C 0.87 0.13 0.67 0.33 0.42 0.58 0.80 0.20 

rs679047 A T 0.22 0.78 0.08 0.92 0.09 0.91 0.29 0.71 

rs2077559 T C 0.77 0.23 0.88 0.12 0.73 0.27 0.67 0.33 

rs953386 A G 0.46 0.54 0.15 0.85 0.09 0.91 0.46 0.54 

rs722869 C G 0.93 0.07 0.88 0.12 0.14 0.86 0.89 0.11 

rs735612 T G 0.42 0.58 0.61 0.39 0.98 0.02 0.47 0.53 

rs2089740 T G 0.29 0.71 0.06 0.94 0.32 0.69 0.35 0.65 

rs1823718 T C 0.77 0.23 0.54 0.46 0.99 0.01 0.79 0.21 

rs1858465 A T 0.90 0.10 0.18 0.82 0.34 0.66 0.15 0.85 

rs2112527 A G 0.55 0.45 0.93 0.07 0.97 0.03 0.66 0.34 

 
* RefSNP allele and ancestral alleles according to NCBI dbSNP Build 134 
 
YRI –  HapMap Yoruba from Nigeria; CEU – HapMap Utah residents with European ancestry ; CHB – 
HapMap Han Chinese population; SAB – South African black population (Bt20). 
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STRUCTURE analysis with 18 AIMs illustrating no significant population substructure in the Bt20 cohort. The 
values of K indicate the number of hypothetical ancestral populations. The clustering at K = 2 distinctly 
separated the African ((1) South African and (2) YRI) from the Non-African ((3) CHB and (4) CEU) 

populations. Higher order clustering (K=3 to K=4) was found to resolve the Bt20 cohort from all other 
populations, indicating that these 18 SNPs have the power to detect major differences in population 

structure. Population designations: (1) South African cohort; (2) HapMap YRI; (3) HapMap CHB; (4) HapMap 
CEU.  
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ABSTRACT  

Background: Obesity is a complex trait with both environmental and genetic 

contributors. Genome-wide association studies have identified several variants that are 

robustly associated with obesity and BMI many of which are found within genes involved 

in appetite regulation. Currently, genetic association data for obesity is lacking in 

Africans - a single GWAS and a few replication studies have been published in West 

Africans, but none have been performed in a South African population.   

Objectives: To assess the association of candidate with BMI in black South Africans. We 

focused on SNPs in the FTO, LEP, LEPR, MC4R, NPY2R and POMC genes. 

 

Design: A genetic association study. 

 

Participants: 990 randomly selected individuals from the larger Birth to Twenty cohort (a 

longitudinal birth cohort study of health and development in Africans). 

Measures: We genotyped 44 SNPs within the six candidate genes that included known 

BMI associated SNPs and tagSNPs based on linkage disequilibrium in an African 

populations for FTO, LEP and NPY2R. To assess population substructure, we included 

18 ancestry informative markers. Weight, height, sex, sex-specific pubertal stage and 

exact age collected during adolescence (13 years of age) were used to identify loci that 

predispose to obesity early in life. 

 

Results: Sex, sex-specific pubertal stage and exact age together explain 14.3% of the 

variation in log(BMI) at age 13. After adjustment for these factors, four SNPs were 

individually significantly associated with BMI: FTO rs17817449 (P=0.022); LEP 

rs10954174 (P=0.0004); LEP rs6966536 (P=0.012); MC4R rs17782313 (P=0.045). 

Together the four SNPs account for 2.1% of the variation in log(BMI).  Each risk allele 

was associated with an estimated average increase of 2.5% in BMI. 

 

Conclusions: The study highlighted FTO and MC4R as potential genetic markers of 

obesity risk in South Africans. The association with two SNPs in the 3’ UTR of the LEP 

gene is novel.
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ARTICLE SUMMARY  

Article focus: 

• This is a replication study aiming to reproduce BMI association findings from 

European cohorts in a South African population. 

• This study focused on genes linked to appetite control that were previously reported 

to show association with BMI or obesity, and included FTO, LEP, LEPR, MC4R, 

NPY2R and POMC.   

• Adolescent data were used to facilitate the identification of genetic loci that 

predispose to obesity early in life, as it is known that overweight/obese children have 

an elevated risk of becoming obese adults. 

 

Key messages: 

• We found four SNPs were individually significantly associated with BMI: FTO 

rs17817449 (p=0.022); LEP rs10954174 (p=0.0004); LEP rs6966536 (p=0.012) and 

MC4R rs17782313 (p=0.045).  

• Together the four SNPs account for 2.1% of the variation in log(BMI).   

• We also demonstrated that an accumulation of risk alleles is linked to a significant 

increase in BMI - individuals with seven risk alleles had an 11.0% increase in median 

BMI compared to individuals with two risk alleles. 

 

Strengths and limitations of this study: 

• This study provides the first preliminary evidence of the role of genetic variants in 

obesity risk in an adolescent black South African population. 

• This study was only moderately powered to detect association with BMI and not all 

genes were exhaustively investigated. 

• TagSNP selection would’ve been enhanced if South African data were available for 

this approach. 
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INTRODUCTION 

Being overweight or obese is a significant risk factor for the development of chronic 

diseases like type II diabetes and cardiovascular disease, and is becoming increasingly 

common in low- and middle-income countries[1]. Both environmental and genetic factors 

influence body mass, with the heritability of BMI estimated at 40-70%[2].   

 

The study of syndromic obesity and genome-wide association studies (GWAS) of 

common measures of adiposity (e.g. BMI) have provided evidence for genetic risk loci 

for obesity[3,4].  Current GWAS have primarily focused on populations of European 

origin, and only one GWAS for anthropomorphic traits, including BMI, has been 

performed in an indigenous African population. This study was carried out in a cohort of 

1,188 Nigerian subjects and replicated the association of MC4R with BMI, but no other 

significant associations were detected[5]. However, the study was underpowered to 

detect modest effects. Although several replication studies have been performed in 

African Americans[6,7] only a few are reported in well characterized African 

populations[8,9] and showed some supporting evidence of the role of FTO in a Nigerian 

population, but not in the Gambia. Genetic association studies in African populations 

have the significant advantage that linkage disequilibrium (LD) generally exists over a 

shorter genomic distance, potentially increasing the efficiency of the identification of 

causal variants[10].  

 

Several of the likely causal genes for increased body fat mass are involved in appetite 

regulation. Specifically, constituents of the leptin-melanocortin neurotransmission 

pathway have been implicated in both monogenic and polygenic obesity. Recent 

evidence that FTO (the only gene consistently associated with measures of obesity) acts 

on the central nervous system–mediated control of food intake[11] lends further support 

for the hypothesis that obesity may be a heritable neurobehavioral disorder.  

 

Obesity levels are rising at an alarming rate among black South Africans, with 29% and 

57% of men and women, respectively, being overweight or obese.  The major impact of 

obesity on the development of chronic diseases within South Africa  is demonstrated by 

data showing that in the year 2000, 87% of type 2 diabetes cases and 68% of 

hypertensive disease were attributable to a BMI ≥ 21[1]. The multifactorial nature of 

these conditions creates a challenge and understanding the genetic contribution to 
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obesity in black South Africans may influence the nature of effective interventions. The 

aim of this study was therefore to assess the association of genetic variants with BMI in 

black South African adolescents. We focused on genes linked to appetite control that 

were previously reported to show association with BMI or obesity: FTO, LEP, LEPR, 

MC4R, NPY2R and POMC.   
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METHODS 

Participants 

The investigation focused on participants of the South African Birth to Twenty (Bt20) 

cohort study. Bt20 is a longitudinal study of the health and wellbeing of children that 

were born in the metropolitan area of Soweto, Johannesburg, during a six-week period 

in 1990. Participants in Bt20 were enrolled at birth and detailed information has been 

collected from the participants and their caregivers over the past twenty years[12]. 

Following informed consent, blood samples were collected and DNA extracted using a 

salting-out method[13]. The Bt20 research programme, has received clearance by the 

Human Research Ethics Committee: (Medical) of the University of the Witwatersrand 

(M010556). The Federal Wise Assurance registration number of the Committee is 

FWA00000715. 

 

A subset of individuals from the Bt20 cohort (524 female and 466 male adolescents, total 

n=990) were randomly selected for this study. This represents 43% of the total cohort 

(total cohort = 2290 participants). The following calculation illustrates that this study was 

adequately powered.  Group sizes of 748, 204, and 21 (total=973), corresponding to 

rs10954174 genotype frequencies observed in this study,  will achieve 93% power to 

detect differences among the means of BMI using an F test with a 0.05 significance 

level, as is standard in linear regression models. The size of the variation in the means 

(say 18, 19 and 20) is represented by their standard deviation which is 0.47. The 

common standard deviation within a group is assumed to be 4. 

 

Adolescent data (participants were 13 years of age at the time measurements were 

done) were used to facilitate the identification of genetic loci that predispose to obesity 

early in life, as it is known that overweight/obese children have an elevated risk of 

becoming obese adults[14]. Anthropometric measurements were obtained using 

standard methods[15]. BMI was computed as weight (measured in kg) divided by the 

square of the height (measured in meters) of an individual. Pubertal stage was assessed 

using a validated self-assessment method drawing upon the Tanner sexual development 

tool[16] and exact age at time of measurement were recorded. 
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Population substructure 

A set of 18 ancestry informative markers (AIMs) were included to assess population 

substructure within the study group, based on previously published data[17] and local 

unpublished data[18]. Population substructure was assessed computationally using 

STRUCTURE v.2.3.3 software[19]. For comparative purposes, genotypes of the AIMs 

were obtained from HapMap (release 24) for three additional populations - the Yoruba 

from Nigeria (YRI), the Han Chinese population (CHB) and Utah residents with 

European ancestry (CEU). STRUCTURE implements the value K to distinguish parental 

populations, with K referring to the number of inferred population clusters. The true value 

of K may not always be known, but the smallest value of K that captures the majority of 

structure in the data should be obtained. Ten iterations at K = 1 to K = 4 with a burn-in of 

30,000 followed by 100,000 iterations were implemented. The K value with the highest 

average posterior likelihood score was calculated and used to identify the best cluster 

assignment. 

 

SNP selection 

SNPs previously shown to be associated with BMI or obesity in FTO, LEP, LEPR, 

MC4R, NPY2R and POMC were identified from the literature. In addition, tagSNPs were 

selected for LEP, NPY2R and POMC, to ensure that known common polymorphisms are 

either directly assayed or associated with a tagSNP in these genes. SNPs from the 

literature were not force included in tagSNP selection. The Tagger algorithm[20] was 

used to select tagSNPs in a multimarker approach at r2 > 0.80 and with a minor allele 

frequency (MAF) > 0.05 among publicly available African data (YRI) from the HapMap 

dataset (release 24). The Illumina Assay Design Tool (Illumina, San Diego, CA) was 

used to assess the SNPs’ compatibility for inclusion in a custom-design GoldenGate™ 

VeraCode Assay and 62 SNPs were selected for genotyping (Supplementary Table 1).  

 

Genotyping 

Genotyping was performed using the Illumina GoldenGate™ VeraCode assay (Illumina, 

San Diego, CA, USA). Quality control was performed on all raw genotype data according 

to the supplier’s specifications using BeadStudio v2.0 software (Illumina, San Diego, CA) 

(summarized in[21]). Standard quality control filters were applied to the data[22]: minor 

allele frequency (MAF) >0.01, SNP missingness rate < 0.05, individual missingness rate 

< 0.2 and Hardy-Weinberg equilibrium (HWE) <1 x 10 -4. 

Page 45 of 69

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review
 only

8 

 

 

 

LD plots 

LD was visualized using Haploview v4.2[23], implementing the confidence interval 

method of Gabriel et al.[24] to construct haplotype blocks. The chromosomal location of 

SNPs was obtained from NCBI (genome build 37.1). 

 

Statistical Analysis 

The programming environment R, and R package genetics were used for all statistics 

(from www.r-project.org). 

 

Individual genotype associations with BMI 

Genotype and allele frequencies were calculated through direct counting. The 

distribution of BMI was skewed to the right and therefore BMI was log transformed to 

approximate normality for all analyses. Linear models were used for all analyses 

(individual association, joint association, sex-specific association and risk score 

association), starting by comparing BMI between genotype groups, enabling adjustment 

for confounders. As BMI correlated significantly with sex, sex-specific pubertal stage and 

exact age, some analyses were adjusted for these variables by including them in the 

linear models as covariates.  All association P-values are from linear models of log(BMI).  

Exact tests of HWE were also performed.  Because of its skewed distribution in this 

study group, BMI is summarized as median values as well as inter-quartile ranges (IQR), 

with lower quartile and upper quartiles reported. 

 

Furthermore, each genotype was modeled additively as the number of minor alleles 

present.  Because we modelled log(BMI), the modeled effect of each allele is reported as 

a percentage change (increase or decrease) in BMI.  

 

Joint model and allele risk score of all associated SNPs 

We also created and summarized a linear model containing all the variants that were 

individually significantly associated with BMI. We used all significantly associated 

variants to calculate a risk allele score by counting the number of alleles associated with 

increasing BMI in each adolescent. This risk allele score was also assessed with a linear 

model, independent of the three confounders. 
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Sex-specific effects 

In order to detect sex-specific effects, we modeled the interaction between sex and each 

variant and summarized the significant results.  

 

Correcting for multiple testing 

Correcting for multiple testing is a contentious issue, and some approaches (such as 

Bonferroni correction) are considered over-conservative and one risks the rejection of 

true findings[25,26]. Given the strong prior information about the role of the variation 

tested here in obesity, we considered this a replication study, and therefore P-values 

below 0.05 were considered significant. For tagSNPs, tests of associations could be 

considered discovery rather than replication, but since these markers are correlated due 

to linkage disequilibrium, the Bonferroni assumption of independence is not upheld. 
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RESULTS 

Participants 

The study group consists of 524 (53.0%) female and 466 (47.0%) male adolescents, with 

a mean age of 13.7 years (SD=0.2 years).  Females had a higher median BMI (19.4 

[IQR = 17.8-22.3]) than males (18.0 [IQR = 16.6-19.7]; P< 0.0001). BMI increased 

across the five pubertal stages in both males (P< 0.0324) and females (P<0.0001), but 

at significantly different rates.  Exact age (days) correlated positively with BMI in males 

(P=0.027) but not females (P=0.305).  In a joint model, sex, sex-specific pubertal stage 

and age each correlated independently with BMI and together explained 14.3% 

(P<0.001) of the variation in log(BMI). Pubertal effect when assessed alone had the 

greatest impact (10.7%) followed by sex (5.7%). As a result, all analyses were adjusted 

for age, sex and pubertal stage per sex.  Unadjusted P-values of individual tests are 

presented for comparison (Table 1). 

 

Population substructure 

One AIM failed quality control measures and was subsequently excluded from analysis. 

Analysis of allele frequencies of AIMs in the South African cohort (Supplementary table 

2), and comparison to three other ethnic groups (Supplementary table 3), confirmed that 

there was no significant population substructure within the study cohort (Supplementary 

Figure 1). The South African population and the YRI group showed distinctive clustering 

away from the Caucasian and Asian populations. Although the South African cohort and 

the YRI had similar clustering patterns, higher order clustering of all individuals included 

in this analysis (i.e. higher values of K, where K indicates the number of parental 

populations) was shown to highlight the genetic distinction between these two African 

groups. 

 

LD plot 

To illustrate the unique patterns of LD in the South African population, an LD plot of the 

gene most significantly associated with BMI (LEP) was constructed (Supplementary 

Figure 2). Evidence of three LD blocks covering the gene is observed, with the 3' end of 

the gene in particular exhibiting high LD. 
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Statistical Analysis 

Individual genotype associations with BMI 

The genotype and allele frequencies of all candidate SNPs, as well as P-values for tests 

of additive allelic association with log(BMI) are shown in Table 1.  All SNPs were in HWE 

(Table 1). Table 2 presents the median and IQR of BMI for SNPs that were significantly 

associated with BMI following adjustment for sex, pubertal stage and age. Estimated 

effect sizes (percentage difference in BMI associated with each additional minor allele, 

compared to the major allele homozygote) adjusted for age, sex and pubertal stage are 

also presented. For two SNPs, LEP rs6966536 and FTO rs17817449, the minor allele (G 

in both cases) is associated with increased BMI whereas the major allele is associated 

with increased BMI for the other two SNPs, LEP rs10954174 and MC4R rs17782313 (G 

and T, respectively). When referring to “risk” allele it is the allele that is associated with 

increased BMI.    

 

For LEP rs6966536, each G-allele was associated with a 2.9% higher BMI (P=0.012) 

whereas for LEP rs10954174, each A-allele is associated with an estimated decrease of 

4.0% in BMI (P< 0.001).  Thus, for an adolescent of the same age, sex and pubertal 

stage, we would expect an individual with the A/G genotype at rs10954174 to have a 

BMI that is 4.0% less than that of a G/G homozygote; and the A/A homozygote is 

expected to have an 8.0% lower BMI compared to the G/G homozygote. Adolescents 

who are A/G heterozygotes for LEP rs6966536 are expected to have a 2.9% higher BMI 

than A/A homozygotes whilst the G/G homozygotes would have a 5.8% higher BMI. 

 

Sex-specific effects 

Two SNPs – MC4R rs12970134 and NPY2R rs11099992 – showed significant sex 

differences in their effects on BMI (results not shown). In females, each G-allele of the 

NPY2R rs11099992 SNP predicted a decrease in BMI by 3.7% (P-value=0.003) while in 

males the effect was not significant (P=0.523). In males, each A-allele of the MC4R 

rs12970134 SNP predicted an increase in BMI of 5.2% (P=0.011) while in females the 

effect was not significant (P=0.785). These SNPs were not associated with log(BMI) in 

the group as a whole (Table 1). 
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Joint model 

To assess the combined effect of the four SNPs that were individually associated with 

log(BMI) and the three confounders (sex, pubertal stage and age), a model was built 

based on 908 participants who had compete information.   The model explained 16.4% 

of the variation in log(BMI), so that the four variants contributed 2.1% to the variation, 

independent of the three confounders (Table 3).The two LEP SNPs had the largest 

effects, followed by the FTO and then the MC4R SNPs, which each had similar effect 

sizes (2.2 and -2.0, respectively). The seven FTO SNPs in this study explain 0.6% of 

variation in log(BMI) after adjusting for age gender and sex-specific pubertal stage; and 

1.4% unadjusted. 

 

 

Allelic risk score 

Figure 1 shows the number of adolescents with each number of additive risk alleles (the 

allele associated with higher BMI – four loci and therefore a maximum of eight risk 

alleles in an individual) as well as the median and IQR of BMI for each group.  Since 

there were less than ten individuals each in the categories of one risk allele (seven 

individuals) and eight risk alleles (one individual), these were excluded from the figure. 

The estimated increase in BMI, for each risk allele, is 2.5%, independent of age, sex and 

sex-specific pubertal stage, and individuals with seven risk alleles had an 11.0% 

increase [(20.0-18.0)/18.0] in median BMI compared to a group of individuals with two 

risk alleles. 
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DISCUSSION 

This study provides preliminary evidence of the role of genetic variants in obesity risk in 

an adolescent black South African group. Individual SNPs in FTO, LEP and MC4R 

genes were shown to be associated with an increase in BMI, and the cumulative effect of 

the risk alleles (one to eight alleles) in FTO, LEP and MC4R, was demonstrated. 

Together they contribute 2.1% to the variation observed in log(BMI) in this group of 

subjects, after adjusting for age, sex and sex-specific pubertal stage. Recent GWAS in 

populations of European ancestry have identified 32 common loci associated with BMI, 

explaining only 1.5% of the inter-individual variation in BMI[4]. We also demonstrated 

that an accumulation of risk alleles is linked to a significant increase in BMI (Figure 1). In 

our study, individuals with seven risk alleles had an 11.0% increase in median BMI 

compared to individuals with two risk alleles. 

 

We provide preliminary evidence that SNPs in the 3’UTR of LEP (rs10954174, P=0.0004 

and rs6966536, P=0.012) are associated with BMI in South Africans. Leptin is an integral 

molecule in energy homeostasis and circulating leptin is primarily produced by 

adipocytes. The level of circulating leptin acts as a satiety signal.  Coding or splice site 

mutations in the LEP gene render the leptin protein unable to signal through its receptor, 

which leads to severe childhood onset obesity[27,28]. These mutations are rare in the 

general population and their impact on the common obesity phenotype remains unclear.  

 

The LEP SNPs that have been most consistently associated with obesity are rs2167270 

(also known as LEP 19G>A) in the untranslated first exon[29-31], and rs7799039 (LEP -

2548G>A) in the 5’-region of the gene[32-35]. Studies in a Brazilian population[34,36]  

and adult Samoans[37] have also shown obesity to be correlated to variants of the LEP 

3’ hypervariable region (HVR).  The 3’HVR is a (TTTC)n tetranucleotide repeat located 

approximately 2,000bp downstream from LEP. The 3’UTR SNPs associated with BMI in 

this study do not share a haplotype block with the 3’HVR in Africans, and could be a 

manifestation of a uniquely African association to BMI and obesity. There are several 

plausible mechanisms by which a 3’UTR variant could impact on the functioning of a 

gene. They could reside in regions of miRNA binding sites or may affect gene 

expression in other ways as 3’UTRs have been shown to be involved in 

posttranscriptional regulation of gene expression through the modulation of 
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nucleocytoplasmic mRNA transport, translation efficiency, subcellular localization and 

message stability.[38].  

 

Variants in FTO (the only gene consistently associated with obesity) have been 

associated with adiposity measures in Europeans,[4,39] Asians[40,41] and African 

Americans[7], with the strongest effect seen with SNP rs9939609. Our study showed a 

modest association between the FTO SNP, rs17817449, and BMI after adjustment for 

sex, age and sex-specific pubertal stage. An estimated effect size of a 1.9% increase in 

BMI for each minor allele of rs17817449 was observed. Inconsistent associations 

between FTO variants and obesity measures have been observed in native African 

populations. In Gambians, no associations between FTO and weight-for-height z-scores 

were observed[9]. rs17817449 was directly assayed in that study, but showed no 

association. It should be noted that the Gambia has a very low obesity rate, which could 

possibly explain the null result. In west-Africans rs17817449 was not associated with 

BMI, but several other FTO variants were found to be associated[8]. The role of genetic 

variation at the FTO locus in predisposing to obesity in African populations warrants 

further investigation, specifically in relation to the epidemiological transition and access 

to a calorie rich diet.     

 

The rs17782313 SNP is one of several variants in MC4R linked to BMI in European 

populations, and has been shown to contribute to a significant increase in extreme 

obesity in adults[42]. In the present study this variant showed a borderline association 

with BMI (P=0.045) suggesting that this SNP is not the functional variant. It is located 3’ 

to the gene, and it is therefore possible that it may be in linkage disequilibrium with 

another polymorphism that disrupts the function of cis-acting elements involved in the 

control of MC4R gene transcription[43]. 

 

In this study, the SNP rs11099992 in NPY2R was observed to associate with BMI in 

female subjects only (P=0.003), whereas, MC4R rs12970134 showed a sex-specific 

effect in males (P=0.011). It has been observed that SNPs in the NPY2R gene have 

effects on obesity in males only[44-46]. One of these studies also showed that a SNP in 

PYY (encoding a ligand of NPY2R), associates with obesity-related traits in females only 

[45]. Furthermore, mutations in the MC4R gene that have been associated with morbid 

obesity have stronger effects in females than males[47]. These data suggest that the 
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phenotypic effect of sequence variation in the MC4R gene is differentially modified by 

sex depending on the site of the variant. Thus, genetic variants relevant to appetite-

regulatory pathways seem to have sex-specific effects on body composition, but the 

mechanism by which this occurs is still poorly understood.  

 

The data in this study are derived from a cohort of adolescents in the midst of puberty. It 

is therefore possible that the effects on weight of some polymorphisms may have been 

masked by puberty-associated changes in body fat mass[48-50]. It is also possible that 

the effects of some polymorphisms on BMI are observed only later in life[51]. However, it 

has been shown that the FTO and MC4R polymorphisms do influence anthropometry in 

adults and children and that other polymorphisms identified in GWAS in adults also have 

observable effects on childhood measures of adiposity[42,52-54].           

 

Replication has become the gold standard for assessing the validity of statistically 

significant results from association studies. However, a true result can fail to replicate in 

another independent sample for numerous reasons including differences in allele 

frequencies and haplotype structure that could influence the indirect detection of 

functional polymorphisms. A recent study showed that the power to replicate the 

statistically significant independent main effect of one polymorphism can drop 

dramatically with a change of allele frequency of less than 0.1 at a second interacting 

polymorphism. Differences in allele frequency could also result in a reversal of allelic 

effects where a putative protective allele becomes associated with increased risk in a 

replication study[55]. These are particularly important considerations when undertaking 

genomic research and replication studies in African populations, with known high levels 

of genome diversity and population substructure between different African 

groups[56,57]. The AIM data obtained in this study highlights that there are not high 

levels of heterogeneity within the South African group, but that the group differs from 

other African tribes, such as the Yoruba. Despite these differences, eighteen AIMs 

cannot resolve the detailed population differences between this South African population 

and other African groups, as the Bantu expansion occurred rather recently in history 

(~4000 years ago), and one would expect  that only major differences would be 

observable when only interrogating a small number of markers[57]. 
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Further studies on other candidate obesity loci in African populations will provide a better 

understanding of the role of variants in these genes in a population with a different LD 

structure to that of Caucasians[58]. In addition, a thorough examination of other 

measures of obesity is needed to better understand the complexities of obesity risk 

across different populations[3]. Such studies will be enhanced by more detailed 

phenotypic characterization of study cohorts that includes body fat distribution, as this is 

known to be a significant risk factor for other chronic diseases, such as cardiovascular 

disease and type II diabetes[59]. 
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LEGENDS TO FIGURES: 

 

Figure 1:  Observed cumulative effect of high risk alleles on BMI in a black South 

African adolescent cohort. The four risk alleles included in this analysis are: LEP-

rs6966536 (G-allele); LEP-rs10954174 (G-allele); MC4R-rs17782313 (G-allele); and 

FTO-rs17817449 (T-allele). Bar chart (left axis) shows number of adolescents with 

specific number of obesity risk alleles.  Points show corresponding median (right axis) 

and vertical lines the interquartile range of BMI. 

 

Page 55 of 69

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

18 

 

TABLES: 

Table 1: Candidate SNP allele and genotype frequencies in a black South African population, and P-values for additive allelic 

association with log(BMI) in adolescents 13 years of age. Significant P-values are shown in bold. 

        Frequency   

   RefSNP alleles* Genotype Allele P-values 

Gene dbSNP ID n A B AA AB BB Minor Major Unadjusted Adjusted** HWE 

FTO rs9939973 977 A G 0.14 0.45 0.40 0.37 0.63 0.109 0.354 0.450 

  rs9940128 985 A G 0.12 0.47 0.41 0.35 0.65 0.105 0.379 0.403 

  rs1421085 986 T C 0.89 0.11 0.00 0.06 0.94 0.728 0.709 0.764 

  rs1121980 974 T C 0.20 0.51 0.29 0.45 0.55 0.125 0.294 0.518 

  rs17817449 977 T G 0.39 0.48 0.14 0.37 0.63 0.008 0.022 0.539 

  rs8050136 982 A C 0.17 0.51 0.32 0.42 0.58 0.021 0.057 0.170 

  rs9939609 981 A T 0.20 0.53 0.27 0.47 0.53 0.029 0.071 0.055 

LEP rs1349419 986 A G 0.96 0.04 0.00 0.02 0.98 0.388 0.612 1.000 

  rs12535708 975 A C 0.03 0.32 0.65 0.19 0.81 0.755 0.911 0.092 

  rs11770725 985 T C 0.91 0.09 0.00 0.05 0.95 0.640 0.993 0.491 

  rs12535747 977 A C 0.01 0.18 0.81 0.10 0.90 0.258 0.339 0.724 
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  rs2167270 964 A G 0.24 0.51 0.25 0.50 0.50 0.557 0.255 0.562 

  rs2278815 980 A G 0.00 0.08 0.92 0.04 0.96 0.918 0.887 1.000 

  rs2122627 984 T C 0.01 0.12 0.88 0.06 0.94 0.197 0.102 0.282 

  rs4236625 985 A T 0.78 0.21 0.02 0.12 0.88 0.804 0.706 0.366 

  rs12706832 979 A G 0.80 0.18 0.01 0.10 0.90 0.787 0.908 0.607 

  rs10244329 963 A T 0.41 0.45 0.14 0.37 0.63 0.034 0.161 0.447 

  rs7791621 984 A C 0.86 0.13 0.01 0.07 0.93 0.761 0.792 1.000 

  rs7795794 987 A G 0.01 0.12 0.87 0.07 0.93 0.185 0.084 0.308 

  rs10954174 973 A G 0.02 0.21 0.77 0.13 0.87 0.003 <0.001 0.111 

  rs3828942 962 A G 0.03 0.28 0.69 0.17 0.83 0.922 0.852 0.567 

  rs17151919 969 A G 0.02 0.26 0.71 0.15 0.85 0.699 0.829 1.000 

  rs17151922 974 T G 0.15 0.50 0.35 0.40 0.60 0.239 0.378 0.143 

  rs6966536 972 A G 0.73 0.25 0.02 0.14 0.86 0.014 0.012 0.896 

  rs10954173 977 A G 0.02 0.26 0.72 0.15 0.85 0.342 0.525 0.620 

  rs11761556 984 A C 0.01 0.19 0.80 0.11 0.89 0.798 0.659 0.737 

LEPR rs1137100 984 A G 0.89 0.11 0.00 0.06 0.94 0.602 0.602 1.000 
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  rs1137101 965 A G 0.20 0.52 0.28 0.45 0.55 0.650 0.905 0.271 

MC4R rs17782313 969 T C 0.55 0.39 0.06 0.25 0.75 0.070 0.045 0.444 

  rs12970134 981 A G 0.01 0.16 0.83 0.09 0.91 0.166 0.116 0.838 

NPY2R rs2880416 985 C G 0.00 0.08 0.92 0.04 0.96 0.094 0.186 1.000 

  rs2342676 953 A G 0.08 0.41 0.51 0.29 0.71 0.697 0.942 0.937 

  rs12649641 988 A C 0.48 0.43 0.08 0.30 0.70 0.601 0.786 0.255 

  rs11099992 964 A G 0.58 0.36 0.06 0.24 0.76 0.085 0.073 1.000 

  rs33977152 986 A G 0.01 0.09 0.90 0.05 0.95 0.508 0.301 0.181 

  rs12507396 982 A T 0.95 0.05 0.00 0.02 0.98 0.858 0.957 0.417 

  rs6857530 979 A G 0.05 0.36 0.58 0.23 0.77 0.666 0.707 0.790 

  rs10461238 971 C G 0.32 0.49 0.19 0.43 0.57 0.640 0.430 0.948 

  rs2342674 985 A G 0.00 0.13 0.87 0.07 0.93 0.530 0.476 0.308 

  rs1047214 977 T C 0.88 0.12 0.01 0.06 0.94 0.926 0.919 0.581 

  rs2880415 982 A G 0.55 0.40 0.05 0.25 0.75 0.458 0.292 0.061 

POMC rs6713532 970 T C 0.29 0.49 0.22 0.46 0.54 0.368 0.270 0.796 

  rs7565877 972 A G 0.37 0.49 0.14 0.39 0.61 0.944 0.967 0.742 
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  rs7565427 987 A G 0.01 0.20 0.79 0.11 0.89 0.633 0.889 0.418 

 

* RefSNP allele according to NCBI dbSNP Build 134  
** P-values are shown adjusted for age, sex and sex-specific pubertal stage 
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Table 2: Summary BMI statistics for SNPs that were individually associated with BMI  
 
    Typed Modeled     Median (IQR) of BMI per genotype   

Gene SNP   MA MAF mm* mM* MM* Effect 

FTO rs17817449 977 952 G 0.37 18.5 (16.9-20.7) 18.7 (17.2-21.1) 19.1 (17.6-22.5) 1.9 

LEP rs10954174 973 948 A 0.13 18.8 (17.1-21.3) 18.4 (17.2-20.5) 17.4 (16.8-19.1) -4.0 

LEP rs6966536 972 948 G 0.14 18.6 (17.1-20.8) 18.9 (17.1-21.5) 19.2 (18.5-21.6) 2.9 

MC4R rs17782313 969 945 C 0.25 18.9 (17.4-21.2) 18.5 (17.0-20.9) 19.0 (16.5-20.6) -1.8 

 

MA = minor allele; MAF= minor allele frequency; IQR=interquartile range; 
 
Effect sizes are from individual models, estimated individual percentage change in BMI for each minor allele, independent of age, sex and sex-
specific pubertal stage.  Effect sizes correspond to P-values (adjusted) in Table 1. 
 
*m denotes major allele; M is minor allele 
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Table 3:  SNPs individually associated with log(BMI) and three confounders (sex, pubertal 
stage and age). The model explains 16.4% of the covariation in log(BMI)  

 
Gene SNP MA Effect P-value 

FTO rs17817449 G 2.2 0.007 

LEP rs10954174 A -3.2 0.005 

LEP rs6966536 G 2.7 0.020 

MC4R rs17782313 C -2.0 0.028 

 

MA=minor allele 
 
P-values are from the joint model, so they are adjusted for age, sex and sex-specific pubertal 
stage and all other SNPs in the model. Effect=estimated % change in BMI of each minor allele, 
independent of other confounding variables (age, sex and sex-specific pubertal stage) and all 
other SNPs in the model (908 adolescents included in model).  
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