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Abstract
There are numerous reports of multi-system genetic disorders with obesity. Many have a characteristic pre-
sentation and several, an overlapping phenotype indicating the likelihood of a shared common underlying
mechanism or pathway. By understanding the genetic causes and functional perturbations of such syn-
dromes we stand to gain tremendous insight into obesogenic pathways. In this review we focus particularly
on Bardet-Bied| syndrome, whose molecular genetics and cell biology has been elucidated recently, and
Prader-Willi syndrome, the commonest obesity syndrome due to loss of imprinted genes on 15g11-13. We
also discuss highlights of other genetic obesity syndromes including Alstrom syndrome, Cohen syndrome,
Albright’s hereditary osteodystrophy (pseudohypoparathyroidism), Carpenter syndrome, MOMO syn-
drome, Rubinstein-Taybi syndrome, cases with deletions of 6q16, 1p36, 237 and 9934, maternal uni-
parental disomy of chromosome 14, fragile X syndrome and Bérjeson-Forssman-Lehman syndrome.
Copyright © 2008 S. Karger AG, Basel

Monogenic Obesity Syndromes
Bardet-Biedl Syndrome

Bardet-Biedl syndrome (BBS, OMIM 209900) is a highly heterogeneous disorder
inherited in a mainly recessive manner. Clinical features include retinal degeneration,
cognitive impairment, obesity, renal cystic disease, polydactyly and genital hypopla-
sia/malformation. There are numerous secondary craniofacial, endocrine, neurologi-
cal and behavioural features which can assist in early diagnosis (fig. 1) [1]. Although
most infants with BBS are born with normal birth weight, by 1 year most show signs
of significant weight gain. There may be few other signs of the syndrome during
infancy as up to one third of cases do not have polydactyly and signs of visual impair-
ment do not typically emerge until 6-8 years of age (night blindness). The majority of
adults have a body mass index (BMI) >30 often accompanied by hypertension, dys-
lipidaemia and type 2 diabetes mellitus [1].




Fig. 1. BBS. a, b Post-axial polydactyly in hands and feet of the same child. ¢ Brachydactyly in hands
of an adult. Note the postaxial scars. d High arched palate is common in BBS. e Dental anomalies
frequently include crowded dentition with hypodontia and short roots.

Twelve genes have now been identified for which there is little evidence of any phe-
notype-genotype correlation. The BBS genes (BBS1-12) have few sequence similarities
to each other or other protein groups. Three, BBS6, BBS10 and BBS12 have strong
homology with the type II group of chaperones and account for around 30% of all muta-
tions [2-4]. Only BBS3/ARL6 (a member of the Ras superfamily of small GTP-binding
proteins) and BBS11/TRIM32 (an E3 ubiquitin ligase) encode known proteins [5-7].

Recent evidence suggests that BBS is probably caused by dysfunction of primary
cilia and the intraflagellar transport (IFT) process. All BBS proteins studied thus far
localise to the cilium/basal body/centrosome complex (fig. 2). In mammalian cul-
tured cells several BBS proteins localise either to the basal body and pericentriolar
region or the ciliary axoneme [7-13].

Studies indicate that many BBS proteins function in microtubular processes such
as IFT as demonstrated in several Bbs mouse mutants, in which each develops severe
retinal degeneration similar to patients [11, 14-17]. In photoreceptors, rhodopsin
relies on IFT for transport to the outer segment — in Bbs mutants rhodopsin accumu-
lates in the cell body triggering apoptosis [11, 17]. Anosmia was recently reported in
Bbs1 and Bbs4 mutants arising from depletion of olfactory proteins in the ciliary layer
of olfactory neurones [15]. Subsequently, anosmia was demonstrated in BBS patients,
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Fig. 2. BBS proteins. BBS proteins are found in the basal body, centrosome and occasionally the cil-
iary axoneme. Many are directly involved with IFT, a process dependent on the molecular motors,
dynein and kinesin. BBS4 is thought to behave as an adaptor protein, facilitating loading of cargo

prior to dynein (retrograde) transport.
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a novel feature of the syndrome. Finally, repression of Bbs proteins in zebrafish delays
IFT-dependent movement of melanosomes [18].

Obesity and BBS

Obesity is a cardinal aspect of the BBS phenotype, beginning in early childhood and
progressing with age; it is usually associated with the trunk and proximal limbs. A sur-
vey of UK BBS patients identified 72% of adults as overweight (BMI >25) and 52%
defined as obese (BMI >30) [1]. At present, the physiological and biochemical abnor-
malities underlying obesity in BBS are poorly understood. A case-control study
showed no significant differences between resting metabolic rate between obese BBS
and controls suggesting no underlying defect in metabolism [19]. Bbs-deficient mouse
models (Bbs4 and Bbs6) are initially runty at birth but display progressive weight gain
associated with increased food intake, culminating in obesity at ~12 weeks [11, 20].

BBS Association Studies

A study by Croft et al. [21, 22] first suggested that heterozygous carriers were at risk
of obesity. Attempts to show that BBS gene sequence variants may be associated with
general non-syndromic obesity have met with mixed success. Reed et al. [23] investi-
gated 17 genetic markers spanning chromosomal regions implicated in five different
obesity syndromes including BBS and BMI in 44 families segregating for non-syn-
dromic morbid obesity. Sib-pair analyses failed to reveal evidence of linkage between
any of the markers and obesity in these families. Amongst 60 Danish white men with
juvenile-onset obesity who were screened for five variants in MKKS/BBS6, no signif-
icant association was found [24]. Another study did not find any association of the
common M390R mutation in BBS1 with obesity among Newfoundlanders [25]. A
recent large population study however, suggests that variations at BBS genes are asso-
ciated with risk of common obesity. Benzinou et al. [26] genotyped 12 variants from
the coding and conserved regions of BBS1, BBS2, BBS4, and BBS6 in 1,943 French-
Caucasian obese subjects and 1,299 French-Caucasian non-obese, non-diabetic con-
trols. A BBS2 polymorphism (SNP) was associated with common adult obesity
whereas the BBS4 and BBS6 SNPs were associated with common early-onset child-
hood obesity and common adult morbid obesity, respectively.

Alstrom Syndrome
Alstrom syndrome (ALS, OMIM 203800) is a rare recessive disorder typically pre-
senting with early-onset obesity, hyperinsulinaemia (often with acanthosis nigricans)

and type 2 diabetes mellitus, dilated cardiomyopathy, short stature and male hypogo-
nadism. Infants usually display nystagmus and photophobia, eventually progressing
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to cone and rod photoreceptor degeneration making it a key differential diagnosis
with the BBS [27, 28]. It may be associated with hepatic dysfunction, hepatic steatosis
and hyperlipidaemia. In addition, ALS patients develop variable sensorineural hear-
ing loss owing to cochlear neuronal degeneration [28, 29].

Rapid weight gain occurs during infancy but tends to plateau in adolescence with
a truncal distribution. Despite the improvement in adiposity and BMI with age, the
insulin resistance continues to increase and thus ALS may represent a monogenic
model of the metabolic syndrome [29]. There are numerous associated endocrine
disturbances including growth hormone (GH) deficiency and hyper- or hypogo-
nadotrophic hypogonadism in males [30, 31]. Amongst females with ALS, hirsutism,
precocious puberty, and amenorrhoea have been reported. Like BBS up to 50% will
have renal and/or urological dysfunction.

The underlying gene, ALMS1 was discovered in 2002 on 2p13 [32, 33]. Neither the
predicted gene nor protein sequence has similarity to any other genes, although there
are several conserved sequence motifs of limited functional significance. Of interest
are the presence of a large 8-kb exon containing a tandem-repeat domain and in exon
1, a polyglutamic acid/polyalanine tract, the length of which does not appear to impact
on the AS phenotype. There do not appear to be any phenotype-genotype correlations.
ALMS]1 is ubiquitously expressed throughout all organ tissues [32], and is a compo-
nent protein of the centrosome with basal body localisation suggesting involvement in
ciliary function and perhaps explaining the phenotypic overlap with BBS [33].

Common variations in the ALMS1 gene were not associated with type 2 diabetes
mellitus in two studies of a Dutch and UK population [34, 35].

Cohen Syndrome

Cohen syndrome (CS, OMIM 216550) patients characteristically have a history of
developmental delay, severe cognitive impairment, and maladaptive behaviour in addi-
tion to a typical facial appearance. They usually have down-sloping palpebral fissures,
mild maxillary hypoplasia, a prominent nasal root, micrognathia, high arching palate,
thick hair and an open mouth expression where the upper lip barely covers the upper
incisors giving the appearance of incisoral prominence [36-38]. Many have micro-
cephaly at birth [39]. CS babies often have low birth weights and failure to thrive owing
to feeding difficulties [36, 37]. Sometime during mid-childhood, patients gain weight
and develop truncal adiposity, although it is rarely severe. Short stature is common.
Delayed puberty is commonly encountered and cases with GH, testosterone deficiency,
hypogonadotrophic hypogonadism, and insulin resistance were reported [36, 40].

CS patients typically develop a progressive retinopathy with early-onset myopia
[36,41]. There is a wide range of additional ocular defects with pigmentary changes
around the macular (giving rise to the typical ‘bull’s eye’ maculopathy) occurring
as young as 3 years of age [36]. A chorioretinal dystrophy with accompanying
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electroretinographic changes is usually evident by 5 years [42]. Progressive visual
field loss with night blindness is present by 10 years.

Neutropenia has a variable but characteristic association with CS. Despite resting
low neutrophil counts, perhaps related to increased neutrophil adhesion, patients
appear to be able to mount relevant responses to bacterial infection and bone marrow
analysis has shown normal cellularity [43, 44].

Mutations in the responsible gene, VPS13B (originally named COH1) were first
identified in Finnish families in whom CS is most commonly found [45]. VPS13B is a
large gene spanning 864 kb of genome with a transcript of 14 kb and an open-reading
frame of 4,022 codons. Although common founder mutations have been observed in
the Finnish and Amish CS population, the positions of mutations in other cases are
variable and without any phenotype correlation. Most of the 70 plus mutations
described so far are non-sense.

The function of VPS13B remains unknown although homologues such as Vps13p
are involved in intracellular vesicular trafficking [46]. Expression of the Vps13B in the
mouse is widespread amongst neurons of the postnatal brain, but has low level
embryonic expression suggesting a role in neuronal differentiation, but not in prolif-
eration [47]. This may explain the postnatal microcephaly seen in CS patients.

Carpenter Syndrome

Carpenter syndrome (acrocephalopolysyndactyly type II, OMIM 201000), most
often presents with pre-axial polydactyly of the feet, craniosynostosis and progressive
generalised or truncal obesity [48, 49]. Patients often have brachydactyly and syn-
dactyly of the hands. It is autosomal recessively inherited. Only some 40 cases have
been described. Additional clinical signs include prolonged retention of primary
teeth and hypodontia. It is therefore one of the differential diagnoses to consider with
polydactyly, obesity and hypodontia, overlapping with BBS. It is likely that the three
sibs reported as cases of BBS by McLoughlin et al. [50] have Carpenter syndrome.

Recently mutations (truncating and missense) were reported in RAB23, encoding
a RAB/GTPase involved in vesicle transport. RAB23 is a negative regulator of sonic
hedgehog signalling and is purported to act with other intermediaries in the cilium
[51]. Therefore, like BBS and ALS, Carpenter syndrome supports a link between cil-
iary function and obesity.

Albright’s Hereditary Osteodystrophy
In the original report of Albright’s hereditary osteodystrophy (AHO, OMIM 103580),

the authors described a child with a short stocky build, round face, short metacarpals
and metatarsals, and numerous areas of soft tissue ossification [52]. She also had
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hypoparathyroidism secondary to end organ resistance to parathyroid hormone, a
component of which they termed ‘pseudo-hypoparathyroidism’ (PHP). Since then
several cases of AHO without end-organ resistance have also be reported and termed
‘pseudo-pseudohypoparathyroidism’ (PPHP). PHP is further subdivided into types Ia,
Ib, Ic and type II. The PHP type Ia and PPHP forms of AHO are caused by inactivating
mutations in the tissue-specifically imprinted gene GNASI resulting in reduction of
the encoded Gsa protein [53].

Despite normal or even low birth weights, 50-65% of AHO patients develop gen-
eralised obesity. The aetiology of the obesity is far from clear but there are a number
of possible mechanisms. The melanocortin receptor (MC4R), mutations in which are
one of the most common causes of genetic obesity, is transduced by Gsa, as are many
of the other G-protein-coupled seven transmembrane receptors that mediate anorex-
igenic signals from hormones and other neurotransmitters. Loss of such anorexigenic
signals such as through MC4R should produce hyperphagia, but this has not been
widely studied in obese AHO individuals [54].

The observations that Gsa represses differentiation of fibroblasts (3T3L1 pre-
adipocytes) into adipocytes, and patients with PHPla may have reduced cAMP
responses to 3-adrenergic stimulation in fat cell membranes, reduced basal and
adrenergic-stimulated glycerol production and reduced circulating levels of nora-
drenaline suggest that increased adipogenesis and reduced lipolysis and sympathetic
activity may also contribute to obesity in AHO [53].

Rubinstein-Taybi Syndrome

Affected patients have a characteristic appearance which includes microcephaly,
down slanting and widely placed eyes, long eyelashes, mild ptosis, posteriorly rotated
ears and a convex nose with the columella protruding below the alae nasi on lateral
view (OMIM 180849). The thumbs and halluces are typically broad and occasionally
bifid. Many patients develop central obesity for which the cause is unknown. Recently
mutations have been found in the CBP gene [55] which encodes a protein that binds
the phosphorylated form of the CREB transcription factor culminating in increased
expression of genes containing cAMP-responsive elements.

Obesity Syndromes with Chromosomal and Imprinting Anomalies
Prader-Willi Syndrome
Prader-Willi syndrome (PWS, OMIM 176270) is the commonest human genetic

obesity syndrome with a lower estimated birth incidence of 1 in 25,000, and popula-
tion prevalence of 1 in 50,000 [56]. Characteristic phenotypes, including several
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Fig. 3. PWS:from genes to phenotype. a A 17-year-old female with PWS.
With permission from Goldstone [59]. b PWS chromosomal region on
15g11-q13 (not to scale) showing the genetic map of the 2Mb PWS
region. Imprinted genes are in blue (paternal allele expressed) and red
(maternal allele expressed). Non-imprinted genes are in green. Orange
arrows indicate the area of regional imprint control through the IC at the
5" end of the bicistronic SNURF-SNRPN locus. Vertical bars indicate
snoRNA transcripts and horizontal bars, the relative positions of identi-
fied exons and other transcripts within the SNURF-SNRPN locus. Also
indicated are the overlapping sense and anti-sense transcripts of the
Angelman syndrome (AS) gene, UBE3A, which is located adjacent to the
PWS locus. The black crosses indicate common breakpoint (BP) regions
for deletions. Adapted with permission from Goldstone [59].
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suggestive of hypothalamic dysfunction, are reduced foetal movement, increased pre-
maturity, neonatal and infantile hypotonia with poor suck and subsequent improve-
ment with age; genital hypoplasia at birth and cryptorchidism; temporary feeding
problems with poor suck and poor weight gain in infancy often needing gavage or
other special feeding techniques; subsequent childhood development of obesity and
then profound hyperphagia (between ages of 1 and 6 years) leading to progressive
morbid obesity into adulthood (fig. 3a); short stature due to GH deficiency and (pre-
dominantly hypothalamic) hypogonadism with incomplete delayed puberty and
infertility; characteristic facial features of narrow bi-frontal diameter, almond-shaped
palpebral fissures and down-turned mouth; small feet and hands with straight ulnar
border; developmental delay with mild to moderate mental retardation; characteristic
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behavioural problem with temper tantrums, obsessive compulsive behaviours, skin
picking, stubbornness, rigidity, stealing and lying; central and obstructive sleep
apnoea; eye abnormalities such as esotropis and myopia; thick viscous saliva and
speech articulation defect; high pain threshold; decreased vomiting; altered tempera-
ture sensitivity; scoliosis or kyphosis [57-60].

PWS Genetics

PWS arises from the lack of expression of genes within the paternally derived chro-
mosome 15q11-q13 which are silenced (imprinted) on the maternally derived chro-
mosome [see 59, 61 for references]. These include NDN, MAGEL2, MKRN3
(previously called ZFP127), the SNURF-SNRPN locus which extends over 460 kb
encoding at least 148 exons and several repeating intronic C/D box small nucleolar
RNAs (snoRNAs) including HBII-52 and HBII-85 (fig. 3b).

The finding of patients with smaller microdeletions and balanced translocations
has permitted narrowing of the critical PWS region from 4.5 MB to less than 4.3 kb,
spanning the promoter and exon 1 of the SNRPN gene and demonstrated the impor-
tance of some snoRNAs in the PWS phenotype [61]. The promotor and first exon of
the SNURF-SNRPN gene locus is an integral part of the imprinting centre (IC) in the
PWS chromosomal region (fig. 3b). The mouse PWS gene homologues are particu-
larly expressed throughout the developing brain, particularly the hypothalamus, and
there is also embryonic and post-natal expression of Ndn and Magel2 outside the
brain [62].

The molecular biology of the genes within the PWS critical region has not been
fully established. The SmN product of the SNRPN locus (exons 4-10) is involved in
RNA alternative splicing, but the role of other transcripts from the SNRPN locus,
including IPW, PAR-1, -4 and -7, are poorly defined [61] (fig. 3b). The locus also
encodes an anti-sense transcript for the paternally-imprinted UBE3A gene involved
in Angelman syndrome.

Necdin has a pivotal role in neuronal differentiation and survival, prevention of
apoptosis and axonal growth, and may interact with several neurotrophic and cell
cycle-regulatory transcription factors and hence proapoptotic genes such as TrkA,
p75, E2F1, Cdc2, p53, hnRNP U, and NEFA [59, 63]. Necdin and Magel2 proteins
can both bind to and prevent proteasomal degradation of Fezl, a fasciculation and
elongation protein implicated in axonal outgrowth and kinesin-mediated transport,
which also binds to the BBS protein BBS4 at or near centrosomes [64]. Ndn-
deficient mice exhibit neonatal lethality with respiratory distress; an abnormal res-
piratory rhythm-generating centre in the medulla; increased skin-scraping activity;
improved spatial learning; hypothalamic structural abnormalities with reduced
oxytocin and LHRH cell number (but preserved fertility); abnormal axonal out-
growth and fasciculation in embryos, including serotoninergic, noradrenergic, sym-
pathetic (e.g. diaphragmatic and superior cervical ganglion), retinal ganglion cell,
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and thalamocortical neurons; defective cytoarchitecture of the cuneate/gracile
nuclei; increased apoptosis in spinal cord sensory neurons; and high tolerance to
thermal pain [64-68].

The HBII-52 snoRNA and its mouse homologue MBII-52 have recently been found
to change methylation editing and alternative splicing of the serotonin 5HT2cR recep-
tor pre-mRNA [69, 70]. The functions of the other snoRNAs are currently unknown.

In 75% of cases, there is a 15q11-q13 paternal deletion, in 22% maternal uni-
parental disomy (UPD), in 1-3% imprinting errors due in around 15% of cases to a
sporadic or inherited microdeletion in the IC and, in <1% there is a paternal chro-
mosomal translocation [61]. Imprinting is achieved partly through parent-of-origin
allele-specific methylation of CpG residues, established during or after fertilisation
and maintained throughout embryogenesis. The IC not only plays a role in erasure of
the grandmaternal imprint during spermatogenesis, but also has a role in the postzy-
gotic maintenance of the maternal imprint.

While there are a number of phenotype-genotype correlations between those PWS
patients with deletions versus UPD, particularly in the severity of several neurologi-
cal, cognitive and behavioural phenotypes (including an increased risk of psychosis
in UPD), hyperphagia and obesity do not seem to differ significantly between geno-
types [59, 71].

Due to loss of expression of the non-imprinted P gene, involved in oculocutaneous
albinism, there is a higher frequency of hypopigmentation of skin, hair, and eyes in
subjects with deletions [61] (fig. 3b). Between the two common proximal breakpoints
(BP1 and 2) are four recently identified genes NIPAI (mutations in which cause spas-
tic paraplegia), NIPA2, CYFIP1 (whose protein product interacts with the fragile X
protein FMRI) and GCP5 (y-tubulin complex compenent-5), whose loss might cause
phenotypic differences in those with the larger type 1 versus shorter type 2 deletions
(72, 73] (fig. 3b).

Obesity and PWS

Birth weight is slightly reduced in PWS [74]. The initial post-natal hypotonia, poor
suck and feeding difficulties (often needing special feeding strategies for weeks to
months to prevent failure-to-thrive) in babies with PWS have usually improved signif-
icantly by 6 months of age. Between the ages of 1 and 6 years, there is initially develop-
ment of mild obesity (from around 1 year of age), and subsequent hyperphagia and
more severe obesity (usually developing between the ages of 2 and 6 years of age).
Without appropriate dietary restriction, environmental control and behavioural input
obesity becomes progressive into adulthood, leading to obesity-related morbidity, such
as cardiopulmonary disease, type 2 diabetes mellitus, thrombophlebitis, chronic leg
oedema, and mortality under the age of 35 (fig. 3a). Deaths from choking and gastric
necrosis after overeating have been reported [75, 76]. Obesity-related sleep apnoea is
common and responds to weight loss. The reason for the later onset development of
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hyperphagia and severe obesity in PWS compared to monogenic causes of obesity
such as leptin deficiency or melanocortin-4 receptor mutations is unknown.

Obesity management involves early institution of a low-calorie, well-balanced diet,
with regular exercise, rigorous supervision, restriction of access to food and money with
appreciation of legal and ethical obligations, appropriate psychological and behavioural
counselling of the patient and family [77]. Group homes specifically designed for indi-
viduals with PWS, where available, have been particularly successful in management of
these problems during adulthood. Anecdotally, pharmacological treatment, including
available anorexigenic agents, has not been of benefit in treating hyperphagia, though
there are few published control studies. Restrictive bariatric surgery, such as gastric
banding or bypass, have not been shown to reduce hyperphagia or achieve long-term
weight reduction and are associated with unacceptable morbidity and mortality, but
some of the reports using biliopancreatic diversion which produces intestinal malab-
sorption have reported successful weight loss though with frequent complications [78].

Body composition studies show both increased body fat and reduced muscle in
PWS [79]. Magnetic resonance imaging has found that PWS adults of both sexes have
less visceral adiposity than expected for their overall adiposity [80, 81] (fig. 4a). This
may explain the relative hypoinsulinaemia and lower triglyceride levels with preser-
vation of insulin sensitivity and protective elevation in adiponectin levels in patients
with PWS despite their overall obesity [80, 82, 83] (fig. 4b, ¢).

Obesity, hypersomnolence and persistent poor muscle strength contribute to
reduced physical activity in PWS. Resting metabolic rate is reduced relative to body
size, as a result of the abnormal body composition, which further contributes to a
reduction in 24-hour energy expenditure [79]. Increased physical activity and exer-
cise programs improve body composition in PWS.

Spontaneous or pharmacologically stimulated GH secretion and IGF-I levels are
reduced in PWS children and adults, and the GH deficiency is independent of obesity
[60]. In PWS children, GH therapy is now licensed and significantly improves height
velocity and final height [60, 84]. GH significantly decreases total body fat, increases
lean body mass, lipolysis and resting energy expenditure, and improves physical
strength and agility in children and infants with PWS, and may also have neurodevel-
opmental benefits [60, 84, 85]. There may also be a potential benefit of lower GH
doses to improve body composition in PWS adults.

PWS and Peripheral Appetite Signals

The abnormal feeding behaviour in PWS includes a morbid obsession about food,
food stealing, money stealing to buy food, hording and foraging, pica behaviour,
reduced satiety and earlier return of hunger after the previous meal [86]. Given free
access to food, PWS subjects will consume approximately three times that of control
subjects. The reduced satiation in PWS occurs despite delayed gastric emptying
which would be expected to produce the opposite effect [87].
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Fig. 4. Reduced visceral adiposity, preserved insulin sensitivity and hyperghrelinaemia in PWS.
a AT,-weighted MRI scan at the level of the lower abdomen, showing less visceral adiposity in a PWS
adult female (total adipose tissue, AT, volume 86.9 |, MRI total body fat 54.4%, visceral AT 4.4% of total
AT, visceral AT:subcutaneous AT ratio 0.048) compared to a similarly obese control adult female (total
AT volume 86.4 |, MRI total body fat 50.5%, visceral AT 9.3% of total AT, visceral AT:subcutaneous AT
ratio 0.111). With permission from Goldstone et al. [80]. b-d Mean = SEM values for percent body fat
(b), homeostasis model insulin resistance index (HOMA-IR; c) and fasting plasma ghrelin levels (d) in
non-obese (NO, n = 15) and obese (OB, n = 16) controls, craniopharyngioma subjects with hypo-
thalamic obesity (CRHO, n = 9) and subjects with PWS (n = 26).2 p < 0.01 vs. PWS, p < 0.01 vs. NO.
Despite similar degrees of obesity, subjects with PWS have increased fasting plasma ghrelin and pre-
served insulin sensitivity, compared to the other two obese groups. With permission from Goldstone
etal. [82].

Subjects with PWS have marked elevations in the stomach-derived orexigenic hor-
mone ghrelin for their obesity, and increased density of ghrelin immunostaining in
the stomach, though plasma levels do fall appropriately after food [82, 88, 89] (fig. 4d).
This may be explained at least partly by their relative hypoinsulinaemia (fig. 4). A
primary importance for hyperghrelinaemia is questioned by the overlap of ghrelin
levels in PWS with lean subjects despite the former’s near ubiquitous hyperphagia,
and the inability of acute normalisation of ghrelin levels in PWS using somatostatin
to reduce appetite [90]. However somatostatin will also suppress secretion of a wide
variety of anorexigenic gut hormones that might counteract any beneficial effect of
lowering orexigenic ghrelin [90]. Fasting and post-prandial levels of the anorexigenic
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hormone pancreatic polypeptide are also reduced in PWS children and adults which
may also contribute to hyperphagia [91, 92]. It seems likely that in addition to these
hormonal abnormalities in PWS, there are overriding brain defects, including hypo-
thalamic, which lead to resistance to peripheral satiety signals [59]. Infusion of PP to
subjects with PWS has only a small anorexigenic effect [93]. The possibility of thera-
peutic avenues for reducing hyperphagia in PWS may depend on the existence of rel-
ative rather than absolute resistance to peripheral satiety signals.

PWS and Hypothalamic Abnormalities

Quantitative neuroanatomical studies of available post-mortem human hypothalamic
tissue from subjects with PWS in the Netherlands Brain Bank have yet to find any
pathological abnormalities of orexigenic neuropeptide Y or agouti-related protein,
anorexigenic POMC neurons or GH-releasing hormone neurons in the infundibular
nucleus, or orexin/hypocretin neurons in the lateral hypothalamus, though interpre-
tation may be complicated by small numbers and effects of pre-mortem illness [59,
94-96]. However, appropriate neuropeptide Y, agouti-related protein and GH-releas-
ing hormone changes in illness, obesity and exogenous GH therapy were found in
PWS subjects, suggesting normal neuronal function in their response to alterations in
peripheral signals. Nevertheless, cerebrospinal fluid orexin concentrations have been
reported to be low in cases of PWS with hypersomnia [97].

There is a reduction in total and oxytocin cell number in the hypothalamic paraven-
tricular nucleus (PVN) of PWS adults, which may play a primary causative role in
hyperphagia [98]. Reduced immunostaining of processed vasopressin, its processing
enzyme, prohormone convertase 2, and its molecular chaperone polypeptide 7B2, have
also been found in the PVN and supraoptic nucleus of hypothalami from subjects with
PWS, though diabetes insipidus is not a recognised clinical problem [99, 100]. Oxytocin
and the PVN have anorexigenic roles in rodents. A 29% reduction in PVN oxytocin
neurons is also seen in ndn knockout mice, though these mice are not obese [65].

PWS and Brain Abnormalities
Detailed MR scanning including techniques such as diffusion tensor imaging are
revealing neuroanatomical abnormalities within extra-hypothalamic brain structures
in PWS, such as ventriculomegaly, hypoplastic or displaced pituitary gland, incom-
plete Sylvian fissure/insula closure, Sylvian fissure polymicrogyria, decreased pari-
etal-occipital grey matter and white matter lesions [101-105]. These may play a role
not only in cognitive, behavioural and neuroendocrine defects in PWS, but also
hyperphagia.

Recent functional neuroimaging techniques such as positron emission tomogra-
phy and functional magnetic resonance imaging in PWS have revealed abnormal
brain activation patterns in corticolimbic structures, such as the amygdala, pre-frontal,
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orbitofrontal and insula cortex in response to food stimuli, after ingestion of oral
glucose or a meal [106-109]. These suggest abnormal reward and motivational
responses to food that may also contribute to the hyperphagia in PWS.

PWS Association Studies

Individual gene mutations or segmental deletions or duplications across the PWS
chr15q region have not yet been reported in patients with PWS-like or specific PWS
phenotypes, including severe early-onset morbid obesity, but negative PWS methyla-
tion testing [61, 101, 110]. No linkage of the PWS chromosomal region with obesity
in sibling studies, nor any association of polymorphisms in NDN or MAGEL2 with
obesity in children or adolescents has been found [23, 111, 112]. A genome-wide scan
found linkage of childhood-onset severe obesity in French Caucasian families to
ch15q12-15q15.1, although finer mapping has yet to be reported [113], while weak
linkage of BMI to ch15q13.3 was found in a genome-wide scan from the National
Heart, Lung, and Blood Institute Family Heart Study [114].

Deletion 6916

Childhood-onset obesity and hyperphagia has been reported in 5 individuals with
deletions involving chromosome 6q16 [see 115 for references]. These patients have
also been reported as having almond-shaped eyes, strabismus, thin upper lip,
microretrognathia, small hands and feet, hypogonadism, learning disabilities, devel-
opmental delay, behavioural problems, cerebellar signs, hypotonia, neonatal feeding
difficulties, providing overlap with features seen in PWS.

Interestingly, the obesity may result from haploinsufficiency for a transcription
factor involved in neurogenesis, SIM1, since obesity (but not the other syndromal
features) has been seen in a subject with a balanced translocation at chr6q16.2 [116].
The sim1 heterozygote knockout mouse is hyperphagic and obese and has a non-
selective loss of hypothalamic PVN neurons [117, 118]. Siml is also expressed in
some non-hypothalamic brain regions involved in appetite, sim1 overexpression pro-
tects against diet-induced obesity and sim1 may mediate some of the anorexigenic
action of the melanocortin pathways [119, 120].

Deletion 1p36

Obesity and/or hyperphagia has also been reported in 23% of 14 evaluated patients
with monosomy 1p36, in whom developmental delay, hypotonia, growth delay, feed-
ing difficulties in infancy, epilepsy, hearing loss, hypermetropia, orofacial clefting
abnormalities, structural heart defects and dilated cardiomyopathy, micro- and
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brachycephaly, deep set eyes, flat nasal bridge and nose, pointed chin, thickened ear
helices, asymmetric ears and short fifth finger are also reported [121].

Deletion 2q37

In mid-1990s, several patients with an AHO-like phenotype and a deletion of 2q37
were reported [122, 123]. Characteristically they have a round face with deep set eyes,
a bulbous nasal tip, thin border of the lips, and sparse hair. Many have seizures with
mild cognitive impairment and obesity is occasionally present. Cytogenetic analysis
of further patients has narrowed the deleted interval down to a region including the
G-protein-coupled receptor 35, glypican 1, and serine/threonine protein kinase 25
genes; the importance of each remains to be investigated [124, 125].

Deletion 9934.3

A de novo terminal deletion of chromosome 9q34.3 has been reported in 2 unrelated
children with early-onset obesity with hyperphagia (between 2 and 3 years old) and
mental retardation, severe developmental delay, neonatal hypotonia, distinctive facial
features (brachycephaly, synophrys, anteverted nostrils, prognathism, thin upper lip),
short neck and extremities, syndactyly of toes, abnormal genitalia with cryp-
torchidism, micropenis, and hypospadias, sleep disturbances with repeated night
awakenings, stereotypic hand movements, short attention span and intolerance to
frustration [126]. However obesity was only seen in 2 of 13 other patients with 9q34.3
deletions, though 3 did die as infants with congenital heart abnormalities [127, 128].
The deleted region encompasses at least 20 genes.

Maternal UPD of Chromosome 14

Maternal UPD 14 (when both of a chromosome 14 pair are inherited exclusively
from mother) is associated with muscular hypotonia, feeding problems, hypercho-
lesterolaemia, characteristic rib anomalies (referred to as the ‘coat-hanger’ sign),
motor delay, small hands and feet, precocious puberty and truncal obesity [129,
130]. Patients with UPD(14)mat show features overlapping with PWS and are prob-
ably underdiagnosed. In a recent study of 33 patients with low birth weight, feeding
difficulties and subsequent obesity in whom PWS had been excluded by methyla-
tion analysis of SNRPN, 12% were found to have UPD(14)mat [131]. Facially,
patients display a prominent forehead, prominent supra-orbital ridges, short
philtrum and down-turned corners of the mouth. The cause of the obesity is
unknown.
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X-Linked Obesity Syndromes
Fragile X Syndrome

Fragile X syndrome (OMIM 300624), a common cause of mental retardation, is
caused by an unstable expansion of a triplet repeat in the FMR1 gene. A sub-pheno-
type, resembling PWS has been reported with extreme obesity, a round face, small,
broad hands/feet, and regional skin hyperpigmentation [132, 133].

Borjeson-Forssman-Lehmann Syndrome

Borjeson-Forssman-Lehmann syndrome (BFLS, OMIM 301900) is a rare X-linked disor-
der characterised by severe cognitive impairment, obesity with gynaecomastia, hypogo-
nadism, a course facial appearance and large fleshy ears [134]. BFLS individuals are
usually born with a normal birth weight but by late childhood have developed signifi-
cant truncal obesity. Although there is considerable variability in the degree of obesity,
those with less generalised adiposity have a tendency to a female-type fat distribution
around the lower abdomen and hips. Almost all BFLS patients develop gynaecomastia
often in childhood but significant enlargement occurs at or after puberty, both from
obesity and breast tissue. Multiple pituitary hormone deficiencies have been reported
including GH, TSH, ACTH and gonadotrophin deficiency, and optic nerve hypoplasia
[135]. These features suggest that the BFL gene product may play an important role in
midline neuro-development including the hypothalamo-pituitary axis. The facial
appearance in post-pubertal patients is striking with deep-set eyes, prominent supra-
orbital ridges, narrow palpebral fissures features which coarsen with age. The majority
also have hyperextensible tapering fingers which like their toes are shortened.

Positional cloning led to the identification of PHF6 as the genetic cause of BFLS
[136]. Its expression is ubiquitous, suggesting an important cellular role. Studies show
that the PHF6 protein is localised in the cell nucleus and in the nucleolus, and it has
been speculated that PHF6 might have a role in cell growth and proliferation, via its
participation in ribosome biogenesis [137].

To date, 19 unrelated cases of BFLS with confirmed PHF6 gene mutations have
been reported [137]. Amongst these, twelve different mutations have been found of
which five are recurrent thus aiding molecular diagnosis for this syndrome. Several
manifesting female carriers have been reported with mild to moderate intellectual
impairment, the characteristic facial phenotype, large ears, obesity and short stature.
Nonetheless, many female carriers have a normal phenotype. Although it is more
likely for a PHF6 mutation carrier female to have skewed X inactivation, there are
also families where the X inactivation is random [138]. There is no obvious correla-
tion between X inactivation skewing and the variability of clinical presentation of the
BFLS phenotype in carrier females.
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Obesity Syndromes without Identified Genetic Cause
Macrosomia, Obesity, Macrocephaly, and Ocular Abnormalities

Moretti-Ferreira et al. [139] reported 2 unrelated children with similar clinical fea-
tures comprising truncal obesity, mental retardation and retinal coloboma and nys-
tagmus (MOMO, OMIM 157980). Facially, features were unremarkable with
hypertelorism, downslanting palpebral fissures, a prominent forehead, and a broad
nasal root. A potential third case was reported by Zannolli et al. [140] describing a 5-
year-old girl with mild learning impairment, morbid obesity, macrocephaly, right
optic disc coloboma and left choroidal coloboma, and recurvation of the femur. The
cause is unknown.

Conclusions

Although in many of the aforementioned obesity syndromes the underlying genetic
cause has not yet been identified, in others these are providing potential insights
into biochemical or developmental pathways involved. For example, in BBS, AS and
CS there is considerable phenotypic overlap. In BBS, AS and possibly Carpenter
syndrome, ciliary dysfunction has been implicated and recently the function of pri-
mary cilia has been directly linked with obesity [141]. Study of PWS has identified
mechanisms of genetic imprinting, genes involved in neuronal development and
growth, and hormonal, hypothalamic and cortical circuits that may be important in
appetite and body weight control. By defining the genetic cause of all obesity syn-
dromes we should enrich our understanding of obesogenic pathways in common
obesity.

It is anticipated that the use of array-based comparative genomic hybridisation in
patients with morbid obesity syndromes, often associated with mental retardation,
developmental delay and dysmorphic features, will identify novel chromosomal
regions and genes involved in body weight regulation, for example ch7q22.1-22.3
deletion and ch19q12q13.2 trisomy [142, 143]. However, care will need to be taken
with assigning causality given the frequent presence of gene copy number polymor-
phisms between individuals.
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