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MC4R Variant Is Associated With BMI
but Not Response to Resistance Training

In Young Females

Funda E. Orkunoglu-Suer’, Brennan T. Harmon', Heather Gordish-Dressman', Priscilla M. Clarkson?,
Paul D. Thompson’, Theodore J. Angelopoulos®*, Paul M. Gordon®, Monica J. Hubal', Niall M. Moyna¥,
Linda S. Pescatello’, Paul S. Visich?®, Robert F. Zoeller®, Eric P. Hoffman' and Joseph M. Devaney'

Recently, a genome-wide association study (GWAS) that identified eight single-nucleotide polymorphisms (SNPs)
associated with BMI highlighted a possible neuronal influence on the development of obesity. We hypothesized
these SNPs would govern the response of BMI and subcutaneous fat to resistance training in young individuals

(age = 24 years). We genotyped the eight GWAS-identified SNPs in the article by Willer et al. in a cohort (n = 796) that
undertook a 12-week resistance-training program. Females with a copy of the rare allele (C) for rs17782313 (MC4R)
had significantly higher BMIs (CC/CT: n = 174; 24.70 + 0.33kg/m?, TT: n = 278; 23.41 + 0.26 kg/m?, P = 0.002), and the
SNP explained 1.9% of overall variation in BMI. Males with a copy of the rare allele (T) for rs6548238 (TMEM18) had
lower amounts of subcutaneous fat pretraining (CT/TT: n = 65; 156,534 + 7,415mm3, CC: n = 136; 177,825 x 5,139 mm?,
P = 0.019) and males with a copy of the rare allele (A) for rs9939609 (FTO) lost a significant amount of subcutaneous
fat with exercise (AT/AA: n = 83; -798.35 = 2,624.30mm?, TT: n = 47; 9,435.23 + 3,494.44mm3, P = 0.021). Females
with a copy of the G allele for a missense variant in the SH2B1 (rs7498665) was associated with less change of
subcutaneous fat volume with exercise (AG/GG: n = 191; 9,813 + 2,250mm? vs. AA: n = 126; 770 %= 2,772 mm?;

P = 0.011). These data support the original finding that there is an association between measures of obesity and a
variant near the MC4R gene and extends these results to a younger population and implicates FTO, TMEM18, and

SH2B1 polymorphisms in subcutaneous fat regulation.

Obesity (2011) 19, 862-666. doi:10.1038/0by.2010.180

The World Health Organization estimates that there are one
billion adults who are overweight (BMI >25kg/m?), with 300
million of these individuals clinically obese (BMI >30kg/m?).
These statistics suggest that Westernized societies are yielding
to the global epidemic of obesity (1). Science has progressed
to the point where we have begun to understand the biology
behind obesity and illustrated the enormous role that genetic-
environment interactions (G x E) play in the obese state.
There have been numerous genome-wide association stud-
ies (GWAS) in the past 2 years that have discovered loci for
BMI (2-6). Previously, we examined the effect of one of these
loci (INSIG2; rs7566605) on the interaction between resistance
training and subcutaneous fat levels in healthy college-aged

individuals (age = 24 years) (7). We found that the INSIG2
polymorphism underlies variation in subcutaneous adiposity
in young adult females and suppresses the positive effects of
resistance training in young men.

In this study, eight newly revealed GWAS loci (NEGRI
(rs2815752), MTCH2 (rs10838738), TMEMIS (rs6548238),
GNPDA2  (rs10938397), SH2BI (rs7498665), MC4R
(rs17782313), FTO (rs9939609), and KCTD15 (rs11084753))
that have been associated with increased BMI in individuals
aged 43-65 years were examined for associations with BMI
in a younger population (4). We hypothesized that these loci
would show a stronger effect in young people due to removal
of interactions with age. In addition, we wanted to examine the
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Table 1 Demographic characteristics of the Functional SNPs Associated with Muscle Size and Strength cohort
BMI cohort Volumetric fat cohort
Females Males Females Males
Characteristic N Mean = s.d. N Mean = s.d. N Mean = s.d. N Mean = s.d.
Age (years) 475 23.12+5.48 321 23.72 +5.47 335 22.81+5.17 211 23.91 +5.66
Height (cm) 478 165.02 £ 6.80 323 177.97+6.88 338 165.02 £ 7.00 212 178.19 £ 6.64
Pre-exercise weight (kg) 478 65.23 +12.81 323 79.77£15.98 338 64.53 +12.17 212 78.19+14.44
Postexercise weight (kg) 479 65.75+12.79 323 80.22+15.89 338 65.05 = 12.29 213 78.73 £ 14.62
Pre-exercise BMI (kg/m?) 478 23.95+4.53 323 25.15+4.70 338 23.68+4.18 212 24.57 +4.02
Postexercise BMI (kg/m?) 479 2414 +4.51 323 25.30+4.65 338 23.86 +£4.25 213 24.76 + 4.00
Difference in BMI (kg/m?) 478 0.19+0.87 322 0.13+0.80 338 0.19+0.82 212 0.18+0.82
Pre-exercise subcutaneous 338 256,784 +114,086 213 170,126 + 88,886
fat volume (mméd)
Postexercise subcutaneous 337 263,082+116,803 210 174,163 + 93,611
fat volume (mmé)
Difference in subcutaneous 337 6,181 +£30,619 210 3,996 + 23,857

fat volume (mmé)

BMI-associated loci for a potential role in influencing changes in
BMI and subcutaneous fat in response to resistance training.

METHODS

Subjects

The 796 individuals included in this report were white college-aged
adults living within the United States and Ireland who participated
in a supervised resistance-training program as part of the Functional
SNPs Associated with Muscle Size and Strength (FAMUSS) study (8)
(clinical characteristics are reported in Table 1). The study protocol was
approved by an ethics committee at Children’s National Medical Center
(institutional review board protocol #2449) and at all testing sites.

Measures of obesity

Anthropometric measures were collected using a protocol standard-
ized across all study centers. Height and weight were measured using
a calibrated wall-mounted stadiometer and scale, respectively. BMI was
calculated as weight in kilogram divided by height in meters squared
(kg/m?). In addition to BMI, magnetic resonance imaging measure-
ments of subcutaneous fat were used as another measure of adiposity (7).
We were not able to obtain magnetic resonance images for all FAMUSS
study participants (see Table 1); therefore, data from only 546 of the 796
total subjects were used for analysis of subcutaneous fat volume.

Exercise training program

A 12-week resistance-training program was performed with the
nondominant arm (trained arm). The protocol has been described
elsewhere (7-9).

Genotyping

Genomic DNA was isolated from peripheral blood lymphocytes with
the Gentra Puregene DNA extraction kit (Qiagen, Valencia, CA) and
genotyping was completed using Tagman assays from ABI (Foster City,
CA) according to the manufacturer’s instructions (see Table 2 for assay
IDs). The end point fluorescent readings were performed on an ABI
7900HT Sequence Detection System (SDS V 2.3 software; Applied
Biosystems, Foster City, CA).

Statistical analyses
Hardy-Weinberg equilibrium was tested for each single-nucleotide poly-
morphism (SNP) using a one-degree of freedom y*-test. Baseline BMI
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Table 2 Genotyping assays for GWAS-discovered SNPs

dBSNP ID Assay ID?

rs2815752 C__26668839_10
rs10838738 C___432493_10
rs6548238 C__29311887_10
rs10938397 C___1594245_10
rs7498665 C__25999166_10
rs17782313 C__382667060_10
rs9939609 C__30090620_10
rs11084753 C__31497814_10

GWAS, genome-wide association study; SNP, single-nucleotide polymorphism.
aFrom Applied Biosystems website.

and subcutaneous fat volume were analyzed as continuous quantitative
traits. Due to large gender differences in baseline values, all analyses
were performed separately for males and females. Bivariate correlation
analyses of BMI and fat volume showed statistically significant correla-
tions with age and baseline weight; therefore, genotype—phenotype asso-
ciations were assessed using analysis of covariance, with BMI adjusted
for age and fat volume adjusted for age and body weight. All significant
associations from the main analysis of covariance model were subjected
to pair-wise statistical tests among the three genotype groups. Linear
tests were performed between each of the genotype groups to determine
which groups were significantly different from one another. Linear
regression analysis, including likelihood ratio tests between full (con-
taining genotype and covariates) and constrained (containing covariates
only) models were performed to estimate the proportion of variance in
volumetric measurements that was attributable to genotype. Analyses
used a nominal P value of 0.05 as significant. The resulting P values from
these tests were adjusted for multiple comparisons using the Sidak post
hoc test. To address to some extent the problem of multiple testing, we
compared our unadjusted P values to a significance level of 0.006 (0.05/8
SNPs) for BMI, subcutaneous fat, and changes in BMI and subcutane-
ous fat with unilateral-resistance training on the nondominant arm.

RESULTS
We studied participants in the FAMUSS study of young
adults (average age 24 years), enrolled into a unilateral upper
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Table 3 Genotype frequencies of SNPs for participants in FAMUSS

Published
Frequency in frequency
dBSNP ID Alleles (+/-) Effect Allele® FAMUSS (+) for CEU (+)° Allele (+) (%) Heteros (%) Allele (<) (%)
rs2815752 A/G A 0.639 0.637 401 47.5 12.4
rs10838738 G/A G 0.663 0.637 43.7 45.3 11.0
rs6548238 Cc/T C 0.818 0.850 67.1 29.4 3.5
rs10938397 AG G 0.571 0.554 31.1 51.9 17.0
rs7498665 AG G 0.612 0.619 37.7 47.0 15.3
rs17782313 T/C T 0.781 0.735 61.1 33.9 5.0
rs9939609 T/A A 0.602 0.540 35.1 50.1 14.8
rs11084753 G/A G 0.667 0.690 44.6 441 1.4

CEU, European Caucasian; FAMUSS, Functional SNPs Associated with Muscle Size and Strength; SNP, single-nucleotide polymorphism.
aAccording to Willer et al. (4). ®Utah residents with northern and western European ancestry from the CEPH collection used in HAPMARP.

arm 12-week supervised resistance-training program. The
demographics of our population of European-descent (white)
individuals are provided in Table 1. We have divided the study
population into two groups (BMI cohort and volumetric fat
cohort) because we were not able to measure subcutaneous fat
volumes from the magnetic resonance images of some subjects.

The weight gains in the university-based population stud-
ied are well documented (10). After the 12-week study
period, females gained 0.87 * 3.21%kg, (pre/postexercise:
65.23 + 12.81/65.75 = 12.80kg, P < 0.0001 and males
gained 0.55 + 2.69% kg of weight (pre/postexercise: 79.81 +
15.94/80.22 + 15.89kg, P = 0.003). Therefore females added
0.9% to their BMI and males added 0.7%. Both the trained and
untrained arms in females and males as a whole gained subcu-
taneous fat volume after 12 weeks of resistance training, with
the gains significant in females (3%, P = 0.005; 2.8%, P = 0.13
females and males, respectively).

We tested eight GWAS loci previously associated with BMI
in older adults (NEGRI (rs2815752), MTCH2 (rs10838738),
TMEMIS (rs6548238), GNPDA2 (rs10938397), SH2BI
(rs7498665), MC4R (rs17782313), FTO (rs9939609), and
KCTD15 (rs11084753)) (4). All eight variants were in Hardy-
Weinberg equilibrium in our population of European-descent
individuals. The allele frequencies for the SNPs are provided
in Table 3. The common allele frequencies for our popula-
tion (whites) were very similar to the allele frequencies for the
HapMap CEPH population (Utah residents with ancestry from
northern and western Europe).

Each locus was then tested for association with BMI and
subcutaneous fat volume, and the change in these variables in
response to resistance training (see Supplementary Table S1).
The allele frequencies for the eight SNPs and the alleles associ-
ated with BMI in the Willer et al. GWAS (4) are provided in
Table 3. One of the eight SNPs we tested was found to be asso-
ciated with BMI in our young cohort. Specifically, the MC4R
rs17782313 SNP was associated with BMI in females using a
dominant model (CC/CT: n = 174; 24.70 + 0.33kg/m* TT: n =
278; 23.41 + 0.26kg/m?, P = 0.003). This SNP explained 1.9%
(P = 0.002) of the phenotype (Figure 1). There were no sig-
nificant associations with BMI response to upper arm 12-week
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Figure 1 Effect of genotype for the MC4R SNP rs17782313 on BMI
levels in females. Females with a copy of the C allele for the MC4R SNP
(rs17782313) showed higher values for BMI (CC/CT: N = 174;24.70 +
0.33kg/m2vs. TT: N = 278; 23.41 + 0.26 kg/m?; P = 0.003) and this
accounted for 1.9% of the BMI phenotype (P = 0.002).

resistance training. NEGR1 (rs2815752), MTCH2 (rs10838738),
GNPDA2 (rs10938397), and KCTDI5 (rs11084753) SNPs did
not show any associations with BMI, subcutaneous fat, and
their response to resistance training in our young cohort.

Males with a copy of the rare allele (T) for rs6548238
(TMEM18 gene) had lower amounts of subcutaneous fat pre-
training (CT/TT: n = 65; 156,534 + 7,415mm’, CC: n = 136;
177,825 + 5,139 mm’, P = 0.019). This SNP explained 0.12%
of phenotype.

Two of the SNPs that we examined were associated with
changes in subcutaneous fat with resistance training. Females
with a copy of the G allele for a missense variant in the SH2B1
gene (rs7498665) that changes a Thr to Ala at position 484
was associated with less of a difference in subcutaneous fat
volume using a dominant model after the 12-week training
period (AG/GG: n = 191; 9,813 £ 2,250 mm?® vs. AA: n = 126;
770 £ 2,772mm? P = 0.011). This SNP explained 2.0% of the
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phenotype in women. The FTO rs9939609SNP was associated
with difference in subcutaneous fat volume in men using a
dominant model (AT/AA: n = 83; —798.35 + 2,624.30 mm’
vs. TT: n = 47; 9,435.23 + 3,494.44 mm?; P = 0.02). This SNP
explained 4.1% of the phenotype in men. However, adjustment
for multiple testing showed only the baseline BMI in females
associated with allele (C) for rs17782313 (MC4R) to remain
statistically significant.

DISCUSSION

The current obesity epidemic is related to decreased habitual
physical activity levels, changes in dietary intake, and genetic
predisposition to obesity (11). In this study, we hypothesized
that GWAS loci associated with BMI in older populations may
have a stronger genetic effect on BMI in a younger, healthy
cohort. However, our results show that only one of the eight
GWAS-identified SNPs was associated with BMI in our young
population. Specifically, we ascertained that a variant near the
MC4R gene (rs17782313) is associated with BMI values in
young women. This work confirms one of the GWAS results
from Willer et al. (4) for BMI and extends the findings to a
younger population. The gender specificity observed for this
variant warrants further investigation.

We found the rare allele for rs6548238 in the TMEM18 gene
to be associated with lower values of subcutaneous fat volume
in the upper arm before the 12-week training period in males.
This same allele (T) shows an association with lower values of
BMI in 91,469 individuals as part of a large GWAS (4,5). The
TMEM18 gene is involved in the modulation of neural stem cell
migration to glimoa cells (12). In addition, this gene is expressed
at high levels in the brain and hypothalamus and points to a
neuronal component as part the development of obesity (4).

The young adult cohort studied completed a 12-week super-
vised unilateral resistance-training program of the upper non-
dominant arm. After completion of the resistance training,
both males and females showed an increase in BMI and sub-
cutaneous fat volume (see Table 1). We hypothesized that the
alleles associated with higher BMI values in the GWAS from
Willer et al. (4) would be associated with stunted changes in
BMI and subcutaneous fat volume in response to resistance
training. The response of subcutaneous fat to resistance train-
ing has been varied, with multiple studies showing a reduc-
tion in subcutaneous fat as measured by magnetic resonance
imaging (13-15) and one study showing no change in subcu-
taneous fat (16) with resistance training. We discovered that
males with a copy of the rare allele (A) for the FTO variant
(rs9939609) lost a significant amount of subcutaneous fat in
the upper arm with resistance training. This result is in agree-
ment with a article by Mitchell et al. (17) that showed women
with two copies of the rare allele for the rs8050136 SNP (in
complete linkage disequilibrium with rs9939609) lost signifi-
cantly more weight than carriers of the common allele with
aerobic training (cycle ergometers or treadmill). However,
another study showed that carriers of the common allele for
rs8050136 lost three times greater percent body fat with aero-
bic exercise (18). Both of these studies used a different form of
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exercise (aerobic exercise) than the FAMUSS study (resistance
training). In addition, both studies used different durations
for their aerobic exercise program, with the Mitchell et al. (17)
study using 6 months (34 sessions a week) and the Rankinen
et al. (18) study using a 20-week program (3 sessions a week).
Our data show that there is an interaction between the FTO
rs9939609 SNP and resistance training in men. However, this
association needs to be explored further and tested in other
cohorts using different exercise modalities.

In addition, we discovered an interaction between a missense
mutation in the SH2BI gene (rs7498665; Thr484 Ala) with resist-
ance training in women. Women with two copies of the com-
mon allele (A allele; Thr) did not gain as much subcutaneous fat
as women with a copy of the rare risk allele (G) after the unilat-
eral-resistance training. The common allele has been shown to
be associated with a lower value of BMI in 91,469 individuals as
part of a large GWAS (4,5). Mice with a disruption of the Sh2b1
gene resulted in metabolic disorders including hyperlipidemia,
leptin resistance, hyperphagia, obesity, hyperglycemia, insulin
resistance, and glucose intolerance (19). This gene is thought to
regulate energy balance (19) and may interact with resistance
training to promote weight homeostasis (20).

There are some limitations to our study. Only one arm
was trained for the 12-week time period; therefore, indi-
viduals did not see any loss in weight or BMI, which has
been shown for whole body resistance training (13-15). In
addition, we do not have a replication group that provides
insurance against errors and bias that can affect an indi-
vidual study’s results (21). Finally, three of the associations
are not significant after correction for multiple testing but
the results have biological relevance because of previous
associations for BMI values (4,5). In addition, the statistical
community is divided on correction methods for multiple
testing as the Bonferonni correction may be too harsh and
thus increasing false negatives (22). The results would need
to be validated in additional populations (21).

In summary, we found that a variant near the MC4R gene
(rs17782313) is associated with BMI in young females and a
variant in the TMEM18 gene (rs6548238) to be associated with
subcutaneous fat volume in males. In addition, we found that
the FTO SNP that has been associated with exercise response
(17,18,23) has an effect on subcutaneous fat loss following
resistance training in males and, a missense variant in the
SH2BI gene was associated with a greater gain in subcutane-
ous fat following resistance training in women. These findings
emphasize that genetics can be utilized in combination with
resistance training to lower subcutaneous fat levels and may
ultimately provide the public with genetic information that can
influence exercise choice.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/oby
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