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ABSTRACT

BACKGROUND

Melanocortin 4 receptor (MC4R) deficiency is the commonest monogenic form of obe-
sity. However, the clinical spectrum and mode of inheritance have not been defined,
pathophysiological mechanisms leading to obesity are poorly understood, and there is
little information regarding genotype—phenotype correlations.

METHODS

We determined the nucleotide sequence of the MC4R gene in 500 probands with severe
childhood obesity. Family studies were undertaken to examine cosegregation of iden-
tified mutations with obesity. Subjects with MC4R deficiency underwent metabolic and
endocrine evaluation; the results were correlated with the signaling properties of mu-
tant receptors.

RESULTS

Twenty-nine probands (5.8 percent) had mutations in MC4R; 23 were heterozygous,
and 6 were homozygous. Mutation carriers had severe obesity, increased lean mass, in-
creased linear growth, hyperphagia, and severe hyperinsulinemia; homozygotes were
more severely affected than heterozygotes. Subjects with mutations retaining residual
signaling capacity had a less severe phenotype.

CONCLUSIONS

Mutations in MC4R result in a distinct obesity syndrome that is inherited in a codom-
inant manner. Mutations leading to complete loss of function are associated with a
more severe phenotype. The correlation between the signaling properties of these mu-
tant receptors and energy intake emphasizes the key role of this receptor in the con-
trol of eating behavior in humans.
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LTHOUGH CHANGES IN DIET AND EX-
ercise underlie the current global increase
in the prevalence of obesity, there is consid-
erable evidence of a substantial genetic contribution
to the regulation of body weight.! Causative muta-
tions underlying several recognizable pleiotropic
obesity syndromes (e.g., Bardet—Biedl syndrome)
have recently been identified, but in no case has a
clear mechanistic link between the product of the
mutant gene and disordered energy balance been
clarified.2 Study of strains of genetically obese mice
has resulted in the discovery of several genes, muta-
tions of which have subsequently been found to
lead to severe human obesity. Deficiency of the adi-
pocyte-derived hormone leptin results in obesity,
hyperphagia, infertility, and impaired T-cell-medi-
ated immunity in mice3# and humans,>-° and the
administration of leptin completely reverses all as-
pects of the phenotype in both species.?-11 Proopio-
melanocortin is regulated by leptin and is cleaved
by prohormone convertases to yield @ melanocyte-
stimulating hormone.12 Loss-of-function mutations
in the proopiomelanocortin gene lead to obesity in
mice and humans.13:14 The actions of &« melanocyte-
stimulating hormone on the melanocortin 4 recep-
tor (MC4R) lead to a decrease in food intake,15 and
mice with null mutations in MC4R have increased
food intake, obesity, and hyperinsulinemia.1®
We and others have identified mutations in MC4R
in obese subjects.17-19 However, the lack of clinical
information has precluded a thorough description
of the clinical syndrome or systematic examination
of correlations between the genotype and the phe-
notype. Therefore, we screened 500 subjects with
severe, early-onset obesity for mutations in MC4R
and conducted clinical studies of those with muta-
tions. We also characterized the in vitro function of
mutant receptors and examined relations between
molecular and clinical phenotypes.

METHODS

SUBJECTS
Subjects with severe obesity of early onset (before
10 years of age) were eligible for entry into the Ge-
netics of Obesity Study (GOOS) and are referred to
as probands. We recruited 750 subjects. Standard
deviation scores for body-mass index (the weight
in kilograms divided by the square of the height in
meters) were calculated with the use of reference
data from the United Kingdom population.2° Among
the probands, the mean (£SD) standard-deviation
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score for body-mass index was 4.2+0.8. To date,
the first consecutive 500 unrelated probands have
been examined for mutations in MC4R. Subjects
with mutations in MC4R and their relatives were
invited to the Wellcome Trust Clinical Research
Facility at Addenbrooke’s Hospital, Cambridge,
United Kingdom.

All studies were approved by the Anglia and
Oxford multiregional ethics committee. The clinical
studies were performed after approval by the local-
regional ethics committee of Cambridge. Each sub-
ject, or his or her parent in the case of children
younger than 16 years, provided written informed
consent (oral consent was obtained from the mi-
nors themselves). All clinical studies were conduct-
ed in accordance with the principles of the Decla-
ration of Helsinki.

DETECTION OF MUTATIONS AND GENOTYPING
Genomic DNA was isolated from whole-blood lym-
phocytes, and the coding region of the MC4R gene
was amplified by the polymerase chain reaction and
sequenced as previously described.1” To determine
allelic frequency, we determined the MC4R sequence
in 100 alleles from nonobese control subjects from
the United Kingdom who were randomly selected
from a local population-based cohort.21

STUDIES OF MUTANT RECEPTOR FUNCTION

Wild-type (normal) and mutant MC4Rs were cloned
into the mammalian expression vector pcDNA3
(Invitrogen) as previously reported!” and transient-
ly transfected into HEK293 cells with a luciferase
reporter under the control of a promoter that was
responsive to cyclic AMP (cAMP),22 according to
the manufacturer’s protocols (Fugene Reagent,
Roche Diagnostics). All transfections incorporated

Figure 1 (facing page). Mutations in the Melanocortin
4 Receptor (MC4R) Gene (Panel A) and in Vitro Function
(Panel B).

Panel A shows the positions of the 24 different mutations
and sequence variants identified. Mutations found in hetero-
zygous form in obese probands are shown in orange, and
mutations found in homozygous form in obese probands
are shown in green. Some mutations were found in more
than one proband, and the number of probands identified
is indicated. Shown in blue are common sequence variants
not considered to be of pathogenic importance. Panel B
shows the mean (+SE) response of mutant and wild-type
MC4Rs to the addition of increasing amounts of ligand,
a melanocyte-stimulating hormone, shown on a logarith-
mic scale, in a cAMP-responsive luciferase reporter assay.
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