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ARTICLE INFO ABSTRACT

Article history: Genome linkage scans and candidate gene studies have implicated the pro-opiomelanocortin (POMC) locus in
Received 17 August 2010 traits related to food intake, metabolic function, and body mass index. Here we investigate single nucleotide
Received in revised form 29 September 2010 polymorphisms at the POMC locus in order to evaluate the influence of its genetic variance on body fat
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- . distribution and diet in a sample of middle-aged men from The Netherlands. 366 Dutch males from the
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Hamlet cohort were asked detailed questions about food choice, nutrient intake and exercise. Furthermore,
their weight and body fat composition were measured. Each cohort member was genotyped for a set of single

Ilfg;\‘//[vg ras: nucleotide polymorphisms (SNPs) at the POMC locus. Regression analysis, adjusted for several covariates, was
Pro-opiomelanocortin used to test for the association between genetic variants and the phenotypes measured. POMC variation was
Melanocortine associated with waist:hip ratio, visceral fat and abdominal fat (rs6713532, P=0.020, 0.019, and 0.021,
Waist-hip ratio respectively), and nutrient choice (rs1042571, P=0.034), but in light of limited power and multiple testing
BMI these results should be taken with caution. POMC is a strong candidate for involvement in appetite regulation
Gene-association as supported by animal, physiological, and genetic studies and variation at the POMC locus may affect an
individual's energy intake which in turn leads to variation in body composition and body fat.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The brain melanocortin system has an established role in
the physiology of weight regulation and consists of the pro-
opiomelanocortin (POMC) gene, which encodes the melanocortins
(MCs) and p-endorphin, the melanocortin receptor genes and the
Agouti-related protein (AgRP) gene. POMC, MC; and MC,4 receptor
knockout mice are all obese. In addition to obesity, POMC deficient
mice display strongly increased weight gain on a high fat diet, while
eating only a modest amount more than the wild-type mice (Yaswen
et al., 1999). Genetic as well as pharmacological studies in rodents
indicate that reduction of MC receptor activity is associated with
increased fat intake on choice diets (Hagan et al., 2001; Koegler et al.,
1999). Activation of the MC system results in reduction of fat intake,
an effect which is dependent on the MC,4 receptor (Samama et al.,
2003). This implication in food intake and fat deposition, coming
from rodent studies, makes genes belonging to the melanocortin
system good candidates for human association studies with nutrient
choice and anthropometric measures. Indeed, the melanocortin
system is implicated in the development of obesity in humans, as
mutations in several of its component genes are strongly associated
with rare, penetrant, monogenic forms of obesity (Farooqi, 2006). For
example heterozygous mutations in the melanocortin-4 receptor
gene are the most common monogenic form of severe obesity in
children, affecting about 2.6% of the population, and mis-sense
mutations in POMC can result in monogenic sever early-onset obesity
(Farooqi et al., 2006; Challis et al., 2002; Krude et al., 1998).

A common MC,4 receptor polymorphism has been associated with
body mass index (BMI) (Heid et al., 2005) and a common variation in
the AgRP gene has been associated with leanness and fat intake (Loos
et al., 2005; Bonilla et al., 2006; Marks et al., 2004). For POMC itself,
linkage studies have implicated its chromosomal locus at 2p23 in
nutrient intake (Cai et al., 2004), fat mass (Comuzzie et al., 1997), and
obesity (Hager et al., 1998). Other related phenotypes such as blood
pressure (Rice et al., 2002), leptin levels (Suviolahti et al., 2003),
physical activity (Simonen et al.,, 2003), and metabolic syndrome
(Loos et al., 2003) have also been linked to the POMC region. Other
studies found an association of the POMC gene with BMI, weight, and
total fat (Chen et al., 2005) (in a female population), BMI, waist:hip
ratio, subcutaneous fat, and visceral fat (Sutton et al., 2005) (in a
Hispanic population), and waist:hip ratio (in a general UK population)
(Baker et al., 2005). There have also been negative reports which do
not show evidence for linkage or association with BMI or related
phenotypes at the POMC locus (Suviolahti et al., 2003; Delplanque
et al., 2000). There has been no attempt to associate macronutrient
intake with genetic variation in the POMC gene. The strength of the
current study is the detailed measurement of the body composition
and macronutrient intake phenotypes available in the Hamlet cohort,
which may help to overcome some of the difficulties potentially
arising from the use of indirect phenotypes such as BMI.

The present study was designed to replicate associations between
single nucleotide polymorphisms at the POMC locus, obesity
phenotypes (BMI, total fat mass and waist:hip ratio) and measures
of macronutrient intake.

2. Materials and methods
2.1. Subjects

We conducted a population-based, cross-sectional, single-centre
study among 400 men aged between 40 and 80 years and living
independently. The subjects and methods of recruitment have been
described elsewhere (Muller et al., 2005). Data collection took place
during two interviews in which the data were self reported or
measured by a trained clinician. All participants gave written
informed consent before enrolment in the study, and the study was

approved by the institutional review board of the University Medical
Center Utrecht. The data were collected between March 2001 and
April 2002.

2.2. Phenotypes

2.2.1. BMI

Height and weight were measured in a standing position without
shoes. BMI was calculated as the weight in kilograms divided by the
square of the height in metres.

2.2.2. Waist:hip ratio

Waist circumference was measured midway between the lower
rib margin and the iliac crest with the subject in a standing position.
The hip circumference was measured in the same standing position at
the level of the greater trochanter. Each reading was taken twice and
the mean used for calculation of the ratio.

2.2.3. Visceral and subcutaneous fat

Visceral fat were measured using ultrasonography (Stolk et al.,
2001) with an HDI 3000 (Philips Medical Systems, Eindhoven, The
Netherlands) using a C 4-2 transducer. The distances between the
posterior edge of the abdominal muscles and the lumbar spine or
psoas muscles are measured using electronical callipers. For all images
the transducer is placed on a straight line drawn between the left and
right midpoint of the lower rib and the iliac crest. Distances are
measured from three different angles: medial, left and right for
intraabdominal fat mass and medial for subcutaneous fat mass in
threefold. Measurements are made at the end of quiet expiration,
applying minimal pressure without displacement of intraabdominal
contents as observed by ultrasound image. Visceral fat was measured
as the distance between the skin and the linea alba and intraabdominal
fat as the distance between the peritoneum and the lumbar spine.
Abdominal fat was calculated as the sum of the visceral and
subcutaneous fat.

2.2.4. Total fat mass, and lean mass

Total and trunk lean body mass, and fat mass were measured
using dual-energy x-ray absorptiometry (Hologic QDR 1000 densi-
tometer, Hologic Inc., Waltham, MA, USA). Quality assurance for
dual-energy x-ray absorptiometry, including calibration, was performed
every morning, using the standard provided by the manufacturer.

2.2.5. Physical exercise

During the interview, the subjects completed the Voorrips
questionnaire (Voorrips et al, 1991) which provides a validated
reliable measure of physical activity.

2.2.6. Nutrient intake

Avalidated food frequency questionnaire (FFQ) was administered,
designed to estimate the regular intake of 178 food items in the year
before enrolment (Ocke et al., 1997a,b). From this questionnaire we
calculated the daily total energy, protein, fat, carbohydrate, and
alcohol intake. From these data we additionally calculated fat:protein,
fat:carbohydrate, and carbohydrate:protein ratios.

2.3. Choice of genetic markers

Haplotype-tagging SNPs were selected in the coding sequence
and up- and downstream of the POMC gene (UCSC browser
coordinates chr2:25,292,212-25,303,950, May 2004 freeze), using
HapMap (Haploview 3.32) with r? threshold set at >0.80, using the
data available at the time of the study design (December 2006). Four
SNPs were used to tag the POMC locus, although only three
(rs6713532, 156545975, and rs934778) were genotyped because a
Tagman assay could not be designed for rs7565877. Secondly, a
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literature search was conducted to investigate POMC SNPs which had
already been associated with feeding or fat related phenotypes with a
minor allele frequency >0.05 (Cai et al., 2004; Comuzzie et al., 1997
Hager et al, 1998; Baker et al., 2005). Three SNPs were chosen:
rs1009388, rs1042571, and rs1866146 (Supplementary Fig. 1).

2.4. Genotyping

Genomic DNA had previously been isolated from peripheral
lymphocytes using a high salt extraction procedure. DNA was not
available for two men, and they were therefore excluded.

Genotyping was performed using the Tagman assay by design or
assay on demand genotyping kits (http://www.appliedbiosystems.
com) using standard protocol. Fluorescence intensities were quanti-
fied using an Applied Biosystems HT7900.

2.5. Statistical analysis

Phenotypes were tested for normality of distribution and, where
necessary, logarithmic (natural) or square-root transformations were
applied. SNPs were tested for violation of the Hardy-Weinberg
equilibrium with the exact test (Wigginton et al., 2005). Association of
SNPs with quantitative traits was tested via linear regression with
adjustment for several covariates, assuming an additive model of
genetic effect (allele dosage).

Analyses were conducted with Plink (Purcell et al., 2007) and SPSS
15.0 (SPSS, Chicago, lllinois).

3. Results
General characteristics of the subjects are presented in Table 1.

All 6 SNPs were in Hardy-Weinberg equilibrium (exact test,
(Wigginton et al., 2005)) (Table 2). 32 out of 398 subjects were

Table 1
Descriptive statistics detailing demographic, body composition and feeding phenotypes.

Phenotype N? Mean Median Standard Minimum Maximum
deviation

Demographic

Age (years) 366 60.53 61.00 11 40 80

Body fat and composition

BMI (kg/m?) 366 26.26 26.14 3.38 17.29 4331

Waist:hip ratio 366 0.98 0.98 0.06 0.77 117

Visceral fat (cm) 366 7.53 7.10 2.18 33 14.75

Subcutaneous 366 2.65 2.60 0.86 0.3 6.5
fat (cm)

Abdominal fat (cm) 366 10.18 9.78 243 4.95 20.45

Total fat mass (kg) 346 171 16.23 548 591 49.33

Total lean mass (kg) 346 61.52 61.34 717 4481 88.77

Energy Balance

Physical activity 363 18.08 17.67 7.47 1.1 43.95

Total energy intake 364 2239.81 2216.28 533.36 735.79 4276.01
(kcal)

Protein intake 364 83.63 81.98 20.73 38.06 162.46
(g/day)

Fat intake (g/day) 364 89.51 87.29 2737 29.71 193.53

Carbohydrate intake 364 241.39 23238 66.91 69.75 605.24
(g/day)

Alcohol intake 364 19.15 13.56 1948 0 153.37
(g/day)

Nutrient choice

Fat:protein ratio 364 1.07 1.07 0.19 0.61 1.75

Fat:carbohydrate 364 0.38 0.37 0.1 0.13 0.79
ratio

Carbohydrate: 364 2.94 2.88 0.66 1.38 5.94

protein ratio

2 Sample consisted of males.

Table 2
Genotype distributions and Hardy-Weinberg equilibrium.

SNP Polymorphism Genotype Genotype  Genotype  Hardy-
(minor allele  AA count  AB count BB count Weinberg
first) (%) (%) (%) P (exact test)

151866146 G/A 43 (12.1%) 167 (47.0%) 145 (40.8%) 0.73

(
151042571 T/C 9(2.8%) 80 (24.7%) 234 (72.4%) 051
rs6713532 C/T 18 (5.1%) 129 (36.5%) 206 (58.3%) 0.77
1s6545975 C/T 58 (18.4%) 143 (45.5%) 113 (35.9%) 0.30
15934778 G/A 4(15%) 37 (13.7%) 229 (84.8%) 0.10
151009388 G/C 26 (7.7%) 122 (36.3%) 188 (55.9%) 0.32

excluded due to low genotyping rate (more than 2 missing genotypes).
Total genotyping rate in the remaining individuals was 0.89.

The successfully genotyped SNPs were re-evaluated using the Tagger
program (http://www.broad.mit.edu/mpg/tagger/) (de Bakker et al.,
2005) to estimate the amount of genetic variation captured. Applying a
12 threshold of 0.8 and using the pairwise method, 4 HapMap SNPs
genotyped in this study cover about 57% of the genetic variation on the
POMC gene locus (43% when the region is extended by 5 kb at 5’ and 3’
ends). One Hapmap SNP had been excluded from analysis as no Tagman
assay was available. Two genotyped SNPs (rs1042571 and rs1009388)
were not in Hapmap. Their presence increases the extent of captured
variance but it is difficult to quantify it.

Table 3 displays r? values between the SNPs. The highest r? value
was 0.48 for rs1042571 and rs1009388. The values in this dataset are
generally low or very low, meaning that each SNP contributes
independent genetic information.

Results of the genetic association analysis are shown in Table 4,
which displays P values for association, as determined by linear
regression modelling with adjustment for age, education, physical
activity, alcohol intake and BMI. The strongest associations were
found for rs6713532 and the waist:hip ratio, visceral fat and
abdominal fat (i.e. sum of visceral and subcutaneous fat). These
associations became weaker when not controlled for BMI. SNP
rs1042571 was associated with a ratio between fat and protein
content in the diet. Furthermore, 2 other SNPs (rs6545975, and
rs1009388) displayed suggestive association with investigated phe-
notypes (Table 4).

Interestingly, when, for exploratory purposes, an additional
covariate - total lean mass - was controlled for, the three significant
association signals of rs6713532 became slightly more pronounced
and two association signals for rs6545975 became significant (with
waist:hip ratio, P=0.043, and visceral fat, P=0.049; Supplementary
Table 2).

Table 5 presents means and SDs of phenotypes per each genotype for
SNPs significantly associated in a linear regression model, together with
beta-coefficients. Furthermore, SNPs rs6713532 and rs1866146 were
tested in a sample of 938 young men (mean age = 18.9) from the GOOD
study (genotyped on Human610K Illumina array) (Andersson et al.,
2009). Available phenotypes allowed testing for the association with
BMI and total fat mass (both log-transformed), adjusted for age. There
was no association with either of the phenotypes (Supplementary
Table 1).

Table 3

r? as a measure of linkage disequilibrium.
SNP 151866146 rs1042571 rs6713532 rs6545975 rs934778 rs1009388
rs1866146 - 0.10 0.38 0.00 0.04 0.17
151042571 - 0.03 0.06 0.10 0.48
1s6713532 - 0.11 0.00 0.09
1s6545975 - 0.00 0.15
1934778 - 0.04
rs1009388 -
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Table 4

P values<0.2 from the linear regression modelling of the association between POMC variants and quantitative phenotypes (additive model). Adjusted for age, education, physical
activity, alcohol intake and BMI (BMI as a covariate was excluded when testing for the association with BMI).

Phenotype/SNP rs1866146 rs1042571

rs6713532 1s6545975 1s934778 rs1009388

Body fat and composition

BMI (kg/m2)*

Waist:hip ratio

Visceral fat (cm)?

Subcutaneous fat (cm)

Abdominal fat (cm)?

Total fat mass (kg)

Total lean mass (kg)? 0.115

Energy Balance

Total energy intake (kcal)?
Protein intake (g/day)®

Fat intake (g/day)?
Carbohydrate intake (g/day)”

Nutrient Choice

Fat:protein ratio® 0.034
Fat:carbohydrate ratio® 0.136
Carbohydrate:protein ratio® 0.166

0.104
0.020 0.061 0.141
0.019 0.090 0.101
0.078
0.021 0.133

0.167

0.196 0.177
0.183 0.118

0.080
0.087

0.147 0.063
0.125

P<0.1 in italics; P<0.05 in bold.
¢ Natural log-transformed.
b Square-root transformed.

P values in this study are uncorrected for multiple testing. For a
given sample size (n=366), in order to have 80% statistical power to
detect a true association, a SNP associated with a quantitative trait
would have to explain about 2% of the total variance of the trait
(assuming alfa at 0.05 and a minor allele frequency of 25%), testing for
additive effects of the quantitative trait locus only.

4. Discussion

This study should be viewed in light of several limitations. P values
are uncorrected for multiple testing, and it is clear that none would
‘survive’ such a correction (even though some of the tested
phenotypes are highly correlated; Supplementary Table 1). Further-
more, our statistical power was not sufficient to detect minor genetic
effects, if such exist. Also a genotyping rate of 90% and an incomplete
coverage of genetic variation on the POMC locus are limitations. For
the reasons above, and since case-only studies are particularly prone
to spurious genetic associations (Sullivan, 2007), the current results
should be taken with caution.

We have controlled for similar covariates as in Baker et al. (2005),
except for smoking, for which no data were available. The association
of rs1042571 and rs1009388 with the waist:hip ratio reported by
Baker et al. (2005) was not confirmed in our study (SNP rs1009388
has also been tested in (Bienertova-Vasku et al., 2010) where no

Table 5
Means and SDs of the phenotype per each genotype, only for significant associations.

association with BMI or waist:hip ratio has been found). SNP
rs1009388 had suggestive P values in tests with fat intake and fat:
protein ratio and rs1042571 was associated with fat:protein ratio,
indicating that effects of those variants may be stronger on food
choice than on body composition. It should be noted that the sample
in the current study was different from Baker et al. with respect to sex
(males only), age and body composition measures.

We were able to test two SNPs from this study (rs6713532, and
rs1866146) in an independent sample of 938 young men. There was
no association with either the BMI or the total fat mass. It was not
possible to test for association with abdominal or visceral fat or waist:
hip ratio — phenotypes that displayed strongest signals in the current
study. This shows that the association of rs6713532 with measures of
fat and waist:hip ratio is either a false-positive or it is highly specific to
those phenotypes or the studied population.

The strength of the Hamlet cohort lies in the availability of a
number of potentially relevant phenotypes. Studies have suggested
that the measurement of the waist circumference or waist:hip ratio, as
indicators of abdominal obesity, may be better disease risk predictors
than the BMI (Yusuf et al., 2005; Wang et al., 2005; Noble, 2001).
Moreover, visceral fat levels are more strongly related to poor
outcome than subcutaneous fat levels (Albu et al., 2000). The current
study shows that the waist:hip ratio, abdominal fat and visceral fat
may be better measures for genetic studies of obesity and body

Mean (SD) for the
major homozygote

Mean (SD) for the heterozygote

Mean (SD) for the
minor homozygote

Beta-coefficient Variance explained P

rs6713532 Unstandardized Standardized
Phenotype
Waist:hip ratio 0.98 (0.06) 0.97 (0.06) 0.94 (0.05) —0.014 —0.09 0.82% 0.020
Visceral fat (cm)? 7.76 (2.29) 7.41 (2.06) 6.55 (1.63) —0.065 —0.089 0.79% 0.019
Abdominal fat (cm)®  10.4 (2.59) 10.08 (2.24) 8.96 (1.82) —0.060 —0.078 0.61% 0.021
rs1042571
Phenotype
Fat:protein ratio® 1.06 (0.19) 1.08 (0.18) 1.23 (0.2) 0.071 0.119 141% 0.034

For log-transformed variables, one minor allele increase is associated with an average of (100 x unstandardized beta) percent increase in the phenotype. For the non-transformed
variable (waist:hip ratio), unstandardized beta-coefficient represents an average increase in the phenotype with each additional minor allele (mean for the major homozygote

represents the intercept).
@ Log-transformed variables were used.
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composition than the commonly used BMI, which is more likely
influenced by factors other than the fat tissue, such as muscularity or
bone structure. This is supported by our exploratory analysis with
additional adjustment for total lean mass, which resulted in
augmentation of the association signals.

Association of SNPs near to the MC,4 receptor gene is one of the
most robust findings in genetic studies of body composition (Loos
et al.,, 2008), (Chambers et al., 2008; Willer et al., 2009). POMC is
located upstream of MCy4 in a genetic pathway and our results further
support the involvement of the common variation in the melanocortin
system in regulation of fat mass in humans, additionally suggesting
that the effects on body composition may be mediated by the
association of food choice and nutritional content of the diet. This
study also shows that research could benefit from investigating
phenotypes alternative to BMI (such as waist:hip ratio) and adjusting
for confounders which are likely to obfuscate the relation between
genetic variants and levels of fatness.
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