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Abstract
Background and Aims—Genome-wide association studies (GWAS) have identified several
loci that are associated with body mass index (BMI = kg/m2). However, little is known regarding
whether the genetic basis of BMI differs among children of diverse racial/ethnic backgrounds,
how the cumulative effect of these genes influences weight, or the contribution of these variants to
body composition. This study examined the association between 17 GWAS-identified loci located
in 16 genes and body-composition phenotypes in a multiethnic pediatric sample and evaluated the
association of a composite genetic risk score with these phenotypes.

Methods—Anthropometric measures of BMI, waist circumference and waist-to-hip ratio were
obtained in a sample of 298 children. Lean and fat mass were obtained from dual-energy X-ray
absorptiometry (DXA). Genotypes of 17 single nucleotide polymorphisms (SNPs) were tested for
association with the phenotypic measures, adjusted by standard covariates and estimates of genetic
admixture.

Results—Both SNPs rs8050136 and rs9939609 in FTO were associated with BMI and waist
circumference in a direction opposite to that observed among adults, and an inverse association
was detected between the risk variant in MC4R and total lean body mass. Lean body mass
mediated the association between TMEM18 and BMI. The association between the genetic risk
score and body composition differed according to ethnic/racial classification.

Conclusions—Our findings suggest that genetic associations with BMI among children are
different from those in adults, that some loci may operate through lean body mass, and that genetic
risk scores will not have universal applicability across ethnic/racial groups.
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Introduction
Genome-wide association studies (GWAS) have revealed several genomic loci that are
reproducibly associated with body mass index (BMI), obesity, and adiposity (1–5). Because
most of these associations were discovered mainly among adults of European descent and
used only BMI as the phenotype, there is still a need to gain a better understanding of (a)
how these candidate loci, individually and collectively, may be associated with obesity and
related traits among children and individuals of various ancestral backgrounds and (b) how
these loci may act through various body composition phenotypes to ultimately be implicated
in overall body weight variation.

Following the majorGWAS, many groups have followedup on the identified loci in attempts
to replicate the results in different samples and with related phenotypes. Among children
(ages 0–18 years) of European ancestry, Zhao et al. found significant associations of FTO,
TMEM18, GNPDA2, and MC4R with adjusted body weight (6). Other studies have
examined associations across diverse racial/ethnic groups, failing to replicate all loci,
suggesting, among other things, that the genetic etiology of obesity and obesity-related traits
may vary among groups (7,8).

In search of a better understanding of the genetic etiology of obesity and given the small
individual effect sizes for loci identified in GWAS, many researchers have aggregated
information across loci to calculate a genetic risk score from the sum of an individual’s
GWAS-identified risk alleles. These risk scores have been evaluated as contributors to
increased adiposity under the assumption that risk alleles may act cumulatively in obesity
risk, and they have been shown to be associated with obesity risk in children and adults
(6,9,10).

The extent to which genetic factors underlie ethnic/racial differences in pediatric obesity-
related traits continues to be an understudied topic. The present study tested the association
of 17 SNPs in or near 16 obesity candidate genes with measures of BMI, total fat mass, total
lean mass, waist circumference (WC) and waist-to-hip ratio (WHR) in a multiethnic sample
of U.S. children self-classified as African-, European-, or Hispanic-American. We also
compiled a genetic risk score for each individual based on the number of GWAS-identified
risk alleles, and examined its relationship with these phenotypes.

Subjects and Methods
Study Participants

A total of 298 children, age 7–12 years (53% male), were recruited as part of a cross-
sectional cohort study examining population differences in metabolic phenotypes among
healthy children (no major illnesses or medical diagnoses). Race/ethnicity was determined
by the parents of the subjects who could classify their children into one of the following
categories: African-American (AA; n = 96), Hispanic American (HA; n = 78), European
American (EA; n = 114), or biracial (n = 6). All children were pubertal stage ≤3 as assessed
by a pediatrician according to the criteria of Marshall and Tanner (11). Informed assent and
consent were obtained from children and parents, respectively, as approved and regulated by
the University of Alabama at Birmingham Institutional Review Board. All measurements
were taken between the years of 2004 and 2008 at the University of Alabama at Birmingham
General Clinical Research Center (GCRC) and Department of Nutrition Sciences.

Phenotypic Measurements
In the first of two sessions completed by participants, pubertal status, anthropometric
measurements, and body composition were assessed. Pubertal status was determined by a
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physical exam assessing reproductive maturity by assignment of a stage (I–V) for breast/
genitalia development and pubic hair. The higher of the two numbers serves to designate
pubertal status (Tanner stage). Height was measured without shoes to the nearest centimeter
using a stadiometer (Heightronic 235; Quick Medical, Issaquah, WA). A GE Lunar Prodigy
densitometer (GE LUNAR Radiation Corp., Madison, WI) was used to assess body
composition by dual-energy x-ray absorptiometry (DXA) while lightly clothed participants
were lying flat on their backs with arms at their sides as previously described (12). Total fat
and lean mass were obtained from analyzing DXA scans using pediatric software (enCore
2002 v. 6.10.029) and adjusted by height2 (abbreviated as FM/h2 & LM/h2) as previously
described (13). WC was measured just above the hip bone.

Genotyping
DNA was obtained from all study participants. Information on 13 variants identified and
replicated by GWAS for BMI (3–5), three variants for WC and one for WHR (2,14) was
obtained as listed in Table 1. DNA was genotyped using Illumina Golden Gate at the UAB
Heflin Genotyping Core. Hardy-Weinberg equilibrium was tested for all SNPs separately in
each racial/ethnic group, using the SNPassoc package (15) developed in R (16).

Genetic Admixture Analysis
A total of 142 ancestry informative markers (AIMs) were genotyped for each subject by
Prevention Genetics (Mashfield, WI) as described elsewhere (17). These markers were
chosen because they exhibit large frequency differences among geographically separated
human groups. Individual West African, Amerindian, and European genetic admixture
estimates were obtained by maximum likelihood estimation (18), using the genotypes at
each AIM and information on the allele frequencies of these AIMs in un-admixed parental
populations (see Supplementary Material). Given allele frequencies at a locus in unadmixed
parental populations, the probability of observing a marker genotype is computed for each
locus for each individual in our sample. The logs of the individual locus probabilities at all
loci are then summed. For every possible admixture proportion from 0 to 100, the
probability of the observed genotype is computed. The admixture proportion that
corresponds to the maximum combined probability across all loci is the one that is the
maximum likelihood estimate of ancestry for that individual. These estimates were
subsequently used as covariates in models as a way to control for population stratification.

Statistical Analyses
Using SNPAssoc in R, each SNP was individually tested for association with each trait,
adjusting for age, Tanner stage, sex, racial/ethnic group (for entire sample). Analyses within
each racial/ethnic group were additionally adjusted for African admixture (among AA), and
Amerindian admixture (among HA). In order to limit the number of statistical tests
performed and to be in concordance with the genetic modeling used to identify the 17 SNPs
from GWAS, only the additive model was evaluated in the association analyses. Departures
from Hardy-Weinberg equilibrium were tested for all SNPs separately for EA, HA and AA.
To conform to the assumptions of regression, all models were evaluated for residual
normality.

To search for endophenotypes that may mediate the genetic effect of associated SNPs on
BMI, we tested the other related phenotypes in mediation models using Structural Equation
Modeling with MPLUS v. 6.1 (http://statmodel.com). Various path models were fit and
evaluated using the chi-square goodness of fit test, the AIC model selection criteria, total
explained variance (R2) of dependent variables, and a two-tailed Wald test to obtain p values
for path coefficients for individual effects.

Klimentidis et al. Page 3

Arch Med Res. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://statmodel.com


A genetic obesity risk score was calculated by summing the number of risk alleles that each
individual possesses. Risk alleles were defined as those that were associated with higher
BMI in previous GWAS studies. Because the two FTO variants are in LD, only one
(rs9939609) was used in the risk score calculation. To account for missing genotypes, we
divided the sum of risk alleles by the number of loci included in the score. We then
compared the mean risk score across the three racial/ethnic groups using ANOVA. Finally,
the risk score was included as a predictor in a linear regression model, considering various
obesity-related phenotypes as outcomes and comparing direction and statistical significance
of associations among ethnic/racial groups. All analyses were performed in R (16).

Results
HWE

Among EA, markers that depart from HWE include rs7498665 in SH2B1 ( p = 0.025).
Among AA, no SNPs exhibited departures from HWE. Among HA, rs987237 in TFAP2B
exhibited a departure from HWE ( p = 0.027).

Genetic Associations
Statistical analyses evaluating BMI identified a significant relationship between BMI and
the two variants in FTO (rs8050136 and rs9939609) and the TMEM18 SNP (Table 2).
Interestingly, the associations with both FTO SNPs are in the opposite direction compared to
those found in GWAS. The protective FTO alleles, according to GWAS, are also associated
with greater WC in our sample. Of the 16 loci tested, eight associations with BMI are in the
expected direction based on previous GWAS, whereas the other eight are in the opposite
direction. In the entire sample, we find no significant associations between any of the SNPs
and FM/H2. For this trait, 10/16 loci are in the same direction as that identified for BMI in
GWAS. We find that six loci (BDNF, NPC1, TMEM18, NRXN3, MC4R, and SH2B1) are
nominally associated with LM/H2 (Table 2). For three of these (NPC1, TMEM18, and
SH2B1) the obesity risk allele (as per GWAS) is the one that is associated with increased
lean body mass in our sample.

Genetic Mediation Model for TMEM18 on BMI Through Lean Mass
Because of the significant effect of the TMEM18 SNP on BMI and LM/H2 (adjusted total
lean mass), we proposed a mediation model shown in Figure 1. The interpretation of this
model is that the effect of the TMEM18 risk allele on increased BMI may be due to effects
on the creation or maintenance of lean mass. Of course, the possibility of confounding
factors in this cross-sectional study requires that this model, even if supported statistically in
this dataset, be confirmed in an independent controlled study. Our questions were as
follows: 1) Does this model appropriately fit the data (as measured here by a nonsignificant
chisquared goodness of fit statistic and significant path coefficients for model terms)? 2) If
so, what is the degree of mediation? And, finally, 3) Is the mediation model ethnicgroup-
specific? First we fit a complete mediation model with only the indirect effect of TMEM18
on BMI through lean mass and adjusted for the following covariates: age, sex, Tanner stage,
and ethnicity for both BMI and LM/H2. The model had an acceptable fit ( p value of χ2

goodness of fit statistic of 0.197) and significant p values for the path coefficients ( pBMI_LM
<0.001, pLM_TMEM18 = 0.014), with 40% and 32% explained variance in BMI and LM/H2,
respectively (see Table 3). We then tested the full model by adding a direct effect from
TMEM18 to BMI (Figure 1). The resulting model fit did not improve substantially over the
previous model with the AIC statistic remaining virtually the same, and the p value for the
path coefficient from TMEM18 to BMI was not significant ( p = 0.196). Thus, we concluded
that the full mediation model (with no indirect TMEM18->BMI effect) was supported by
our data. It is, however, possible that a partial mediation model is the true model, but that the
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direct effect of TMEM18->BMI may not be significant due to the limited sample size of this
study. To estimate the degree of mediation in a model with direct and indirect effects, the
full model was estimated (Figure 1), and the mediation percentage was 53% (defined as the
mediated effect divided by the total effect of TMEM18 on BMI). As a contrast, when fitting
a mediation model for fat mass rather than lean mass, a highly significant goodness of fit p
value is obtained (indicating a poor model fit), and the path coefficients are not significant
for all of the paths (data not shown). Thus, lean mass appears to have a specific influence in
mediating the effect of TMEM18 on BMI.

Because the full mediation model (Figure 1 with direct effect from TMEM18->BMI
removed) was the best-fitting model, we show the normalized path coefficients and p values
for this model for the full sample and also for each ethnicity (covariate path coefficients are
not shown) in Table 3. It can be seen that the path coefficient for TMEM18>LM is only
significant in the full sample, although it is suggestive in the EA and HA samples. Also, the
path coefficient effect directions are consistent across ethnicities and similar in magnitude,
indicating that this mediation model may be applicable across multiple ethnicities.

Genetic Obesity Risk Score
First we examined the mean risk score in the three ethnic/ racial groups. Significant
differences (ANOVA; p = 1.7 × 10−8) existed between HA (1.177), AA (1.170) and EA
(1.066). The genetic risk score for obesity was then tested for association with BMI, FM/H2,
and LM/H2 using the same covariates as in the single marker associations. In the entire
sample we find that the genetic risk score is not significantly associated with BMI ( p =
0.87), and the direction of association is negative (Table 4). Within ethnic/racial groups, we
did not find any significant associations between genetic risk score and BMI. However,
interestingly, we find that the direction of association is negative only among HA ( p =
0.066) and positive among AA ( p = 0.87) and EA ( p = 0.54). We find a similar pattern for
FM/H2. The genetic risk score is significantly negatively associated with FM/H2 ( p =
0.0068) among HA. For LM/H2, we find no significant associations with the genetic obesity
risk score. However, we do find the same general pattern in which the direction of
association among HA is the opposite of that found among EA and AA.

Discussion
This study tested whether SNPs associated with BMI in large-scale GWAS are associated
with BMI, fat mass, lean mass, WC and WHR in children. The study also tested whether a
risk score composed of information across all loci identified by GWAS is associated with
body composition traits among children.

Our findings indicate that both FTO SNPs are significantly associated with BMI and WC.
However, for both phenotypes the association was contrary to expected such that the allele
reported as ‘‘protective’’ in the adult literature was associated with higher phenotypic levels
in our pediatric sample. These observations provide a platform for the development of new
hypotheses to further understand the role of genes and population differences throughout the
lifespan and support the findings of others. For example, previous research has reported a
significant inverse association between the FTO variant rs9939609 and BMI among infants
(19). Our association tests, after controlling for the genetic heterogeneity of ancestry
associated with ethnic/racial classification, were concordant with adult findings in only 50%
of the tests performed. Furthermore, the relationship between the risk score factors and the
phenotypes were in the opposite direction than expected in the entire sample, and further
inspection reveals that HA were influencing the negative association. Therefore, it may be
possible that, to the extent to which genetic associations respond to phenotypic expression,
at early stages of the lifespan the effect of the genes evaluated in the study does not exert a
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significant influence in the acquisition of body fat, and that the genetic risk score may not be
broadly applicable to all ethnic/racial groups.

We find that TMEM18, a variant that was previously found to have the second strongest
effect on BMI after FTO, is nominally significantly associated with BMI. Interestingly, this
SNP is nominally significantly associated with LM/H2 but not with FM/H2, suggesting that
variation in this gene is associated with BMI through an effect on lean mass and not through
fat mass. A mediation model in which LM/H2 mediates the effect of TMEM18 on BMI has
been shown to fit the data well and to show consistency across ethnicities in size and
direction of the path coefficients. The function of the gene TMEM18 and its connection to
obesity is as yet poorly understood. Thus, this study, which points to a mechanism involving
lean tissue creation or maintenance, provides a potential avenue for exploring the functional
role of this gene in obesity.

Our study is strengthened by the use of a multiethnic cohort of children, a population poorly
understood in the field of obesity genetics, and by the use of genetic admixture to account
for the ancestral component underlying ethnic/race classification and to reduce Type I error
rates in the association analyses. The use of endophenotypes that are surrogates of risk
factors for obesity and its comorbidities and the utilization of a more precise measure of lean
and fat mass also provide strength to our study design. However, the study is limited by its
sample size, its ability to confirm complex relationships underlying genes, development and
populations, and the limited inclusion of environmental factors.

In summary, the results of this study provide support to the notion that BMI associations
among adults are different from those in children and may operate through lean body mass
rather than fat, regardless of ethnic/race group. It also suggests that genetic risk scores will
not have universal applicability across ethnic/racial groups. Our results raise the need for
further research investigating the role of genetics, body composition, and population
differences in obesity throughout the lifespan.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mediation model for genetic risk of TMEM18 for BMI mediated through adjusted total lean
mass. Normalized path coefficients, total direct and indirect effects of TMEM18 on BMI,
and percent mediation are displayed. (A color figure can be found in the online version of
this article.)
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Table 1

List of SNPs, risk allele, nearest gene, and associated traits from GWAS

SNP Risk allele Gene Trait

rs6265 G BDNF BMI

rs7647305 C ETV5 BMI

rs8050136 A FTO BMI

rs9939609 A FTO BMI

rs10938397 G GNPDA2 BMI

rs29941 C KCTD15 BMI

rs1424233 A MAF BMI

rs17782313 C MC4R BMI

rs2568958 A NEGR1 BMI

rs1805081 A NPC1 BMI

rs10913469 C SEC16B BMI

rs7498665 G SH2B1 BMI

rs7561317 G TMEM18 BMI

rs10146997 G NRXN3 WC, BMI

rs2605100 G LYPLAL1 WHR

rs987237 G TFAP2B WC

rs545854 G MRSA WC

BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio.
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Table 2

Loci nominally associated with various obesity-related traits.

Phenotype Entire Sample AA EA HA

BMI FTO (rs8050136; 0.012; C) None MRSA (0.034; C) None

FTO (rs9939609; 0.028; T) NEGR1 (0.04; A)

TMEM18 (0.013, G) TMEM18 (0.038; G)

FM/H2 None None NEGR1 (0.008; A ) GNPDA2 (0.022; A)

MRSA (0.021; C)

LYPLAL1(0.047; A)

LM/H2 NRXN3 (0.042; A) MC4R (0.0033; A) BDNF(0.017; A) FTO (rs8050136; 0.022; C)

MC4R (0.00065; A) SH2B1(0.021; G) FTO (rs9939609; 0.031; T)

BDNF(0.033; A) NPC1(0.0070; A)

NPC1(0.024; A) GNPDA2 (0.030; G)

SH2B1(0.049; G)

TMEM18(0.016; G)

WC FTO (rs8050136; 0.0168; C) ETV5 (0.047; G) NEGR1 (0.035; A) None

FTO (rs9939609; 0.0197; T)

TMEM18 (0.042; G)

WHR None None None TFAP2B (0.012; G)

NPC1 (0.033; G)

WC: waist circumference; WHR: waist to hip ratio.

Note: p-value and trait increasing allele underlined if consistent with risk allele from GWAS, in parentheses.

Covariates included - BMI: age, sex, tanner stage, ethnicity (for entire sample only); FM/H2 (fat mass/height2) & LM/H2 (lean mass/height2): age,
sex, tanner stage, ethnicity; WC: age, sex, tanner stage, ethnicity; WHR: age, sex, tanner stage, ethnicity; AA: additionally adjusted by African
genetic admixture; HA: additionally adjusted by Native American genetic admixture.
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Table 3

Normalized path coefficients

Path coefficients All AA EA HA

TMEM18->LM −0.124 (<0.014) −0.092 (0.337) −0.146 (0.068) −0.142 (0.107)

LM->BMI 0.586 (0.001) 0.617 (<0.001) 0.587 (<0.001) 0.557 (<0.001)

p values in parentheses for full mediation model (model illustrated in Figure 1 with direct effect from TMEM18 to BMI removed) in full sample
and each ethnic group. Path coefficients for covariates to both BMI and LM including sex, age, Tanner stage, and ethnic group (for full sample),
African admixture (for AA group) and native American admixture (for HA group) are not shown.
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Table 4

Association between genetic risk score and obesity-related traits

Phenotype All AA EA HA

BMI −0.19 (0.87) 0.33 (0.87) 1.04 (0.54) −4.45 (0.066)

FM/H2 −0.015 (0.88) 0.081 (0.61) 0.16 (0.27) −0.53 (0.0068)

LM/H2 0.020 (0.67) −0.053 (0.52) −0.0019 (0.98) 0.11 (0.20)

BMI, body mass index; FM/H2, fat mass/height2; LM/H2, lean mass/height2; AA, African-American; EA, European-American; HA, Hispanic-
American. β coefficients, and p in parentheses, are shown.
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