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Prader–Willi syndrome (PWS) is a neurodevelopmental disorder that arises
from lack of expression of paternally inherited genes known to be imprinted
and located in the chromosome 15q11-q13 region. PWS is considered the
most common syndromal cause of life-threatening obesity and is estimated at
1 in 10 000 to 20 000 individuals. A de novo paternally derived chromosome
15q11-q13 deletion is the cause of PWS in about 70% of cases, and maternal
disomy 15 accounts for about 25% of cases. The remaining cases of PWS result
either from genomic imprinting defects (microdeletions or epimutations) of
the imprinting centre in the 15q11-q13 region or from chromosome 15
translocations. Here, we describe the clinical presentation of PWS, review the
current understanding of causative cytogenetic and molecular genetic
mechanisms, and discuss future directions for research.

Prader–Willi syndrome (PWS) is a neurogenetic
disorder characterised by neurodevelopmental
features including hyperphagia (increased
ingestion of food) and early childhood obesity that
is extremely severe in some cases (Refs 1, 2, 3);
indeed, PWS is considered the most common
genetic syndrome leading to life-threatening
obesity. It is estimated to occur at a frequency
of 1 in 10 000 to 20 000 individuals (Ref. 1), with
350 000–400 000 people affected worldwide, and

presents in all ethnic groups but is reported
disproportionately more in Caucasians (Refs 2, 4).
Most cases are sporadic and the chance of
recurrence is less than 1% (Ref. 3); however, the
risk might be much higher (e.g. 50%) in PWS
families in which the father carries imprinting
deletions in the chromosome 15q11-q13 region.

The PWS disorder arises from lack of
expression of paternally inherited genes known
to be imprinted and located in the chromosome
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15q11-q13 region. Genomic imprinting, a process
first described in plant genetics and not known
in human genetics until its discovery in PWS, is
an epigenetic phenomenon whereby phenotype
is modified depending on the sex of the parent
contributing that allele (Refs 5, 6). It arises from
epigenetic changes (such as methylation) to
genes during gametogenesis that result in gene
expression dependent on the parent of origin of
the gene. This process results in a reversible
specific marking of a fraction of the genome that
is parent specific and produces mono-allelic gene
expression of either the maternal or paternal allele
of a particular imprinted locus. Approximately
70% of PWS cases are caused by a non-inherited
(i.e. de novo) deletion in the paternally derived
chromosome 15q11-q13 region; approximately
25% of cases result from maternal disomy 15
(i.e. two maternal chromosome 15s and no
paternal chromosome 15); and the remaining
cases arise either from genomic imprinting
defects (microdeletions or epimutations) of the
imprinting centre located in the 15q11-q13 region
or balanced chromosome 15 translocations (Refs
2, 3, 7, 8, 9, 10, 11). The typical 15q11-q13 deletion
has been classified into two types, type I and type
II, depending on the size and chromosome
breakpoint position.

Clinical description, natural history
and treatment

The cardinal features of PWS include infantile
hypotonia (diminished muscle tone) and feeding
difficulties, hypogonadism and hypogenitalism,
hyperphagia and onset of obesity in early childhood,
small hands and feet, mild mental deficiency
(average IQ of 65), behavioural problems (skin
picking, temper tantrums, stubbornness) and a
characteristic facial appearance (small upturned
nose, narrow bifrontal diameter, dolichocephaly,
strabismus, down-turned corners of the mouth
and almond-shaped eyes) (Refs 1, 2, 3). Other
findings include short stature, scoliosis (lateral
curvature of the spine), dental problems,
endocrine disturbances such as growth hormone
(GH) deficiency and diabetes mellitus, sleep
apnea and comorbidities relating to obesity.
Approximately 50% of children with PWS
develop temper tantrums and stubbornness
between 3–5 years of age and may display
depression during adolescence and adulthood;
behavioural problems may be precipitated by
withholding food. Nonetheless, children with

PWS can be affectionate and caring. Intolerance
to changes in routine can be a severe problem
for many adolescents and adults with PWS, as
well as poor peer interaction, immaturity and
inappropriate social behaviour.

PWS can be divided into two distinct clinical
stages. Stage 1 of the clinical course is first
recognised in neonates and infants, with a delay
in reaching developmental milestones, feeding
difficulties, profound hypotonia and the presence
of distinctive facial and body features. Stage 2 of
the clinical course appears with the onset of
hyperphagia and associated obesity in early
childhood. Food foraging ensues and behavioural
difficulties arise, often initiated by withholding
food. The appearance of PWS clinical findings
with age is summarised in Table 1.

As a result of better awareness and advances
in genetic testing, the diagnosis of PWS is made
earlier than in the past. Early diagnosis is
important since nutritional intervention is
required. Therapy with GH is frequently
prescribed during early childhood to improve
stature and body composition, energy level and
metabolism (Refs 12, 13, 14, 15, 16). Physical strength
and activity also increases during GH treatment
(Refs 12, 17, 18, 19). No specific medication has
universal benefit in treating the abnormal
behavioural problems seen in PWS; however,
specific serotonin re-uptake inhibitors have been
useful in controlling behaviour such as skin
picking (Refs 2, 20). If weight is adequately
controlled, life expectancy should be similar to
that of other mildly retarded individuals. For
example, a person with PWS who died at age 71
years was described in 1994 (Ref. 21) and a second
PWS individual at 68 years of age was reported
in 2000 (Ref. 22). Caloric diet restriction (e.g.
approximately 60% of normal) throughout life is
important to control the obesity and co-morbidity.
A review of causes of death in 25 individuals
with PWS indicated that obesity and related
complications led to the death of 14 subjects
(Ref. 23), with an average age at the time of death
of 23 years. Additional causes of death in children
with PWS, including possible complications
associated with GH therapy, have recently been
reviewed and interventions recommended
(Refs 16, 24, 25, 26).

Cytogenetics
The chromosome 15q deletion was first reported
in PWS by Ledbetter et al. in 1981 as a result of
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Table 1. Clinical characteristics of Prader–Willi syndromea

Stage 1 Stage 2

Pregnancy Neonatal period Adolescence
and delivery and infancy Childhood and adulthood

Reduced fetal activity Narrow forehead Short stature Short stature
Breech delivery Undescended testicles Small hands and feet Small hands and feet
Pre-term or post-term Small genitals and testicles Light skin and eye colour Scoliosis
  delivery Poor muscle tone Almond-shaped eyes Osteoporosis

  (hypotonia) Strabismus Delayed puberty
Feeding problems Myopia Diabetes mellitus
Poor suck Skin picking Depression
Sticky saliva Dental caries Excessive sleepiness
Weak cry Excessive appetite/
Temperature instability   food foraging
Developmental delay Obesity

Intellectual disability
Behavioural problems
  Temper tantrums
  Stubbornness
  Obsessive–compulsive
    behaviour

a For further information on clinical features seen in Prader–Willi syndrome, see Refs 2 and 134.

high-resolution chromosome analysis (Ref. 27)
but was found not to be present in all individuals
with PWS. In 1983, Butler and Palmer reported
that chromosome 15 was normal in each of the
parents of children with PWS and demonstrated,
using staining patterns of chromosome 15
polymorphisms, that the de novo deletion always
occurred on the paternally derived chromosome
15 (Ref. 28). This suggested that the parent of
origin of a chromosomal aberration influenced the
phenotype. The analysis of cases of PWS in which
no chromosome 15 deletion was present, using
cloned DNA markers specific for the 15q11-q13
region, showed that some individuals had
inherited two chromosome 15s from their mother;
thus, the 15q11-q13 region must be inherited from
each parent for normal development (Ref. 29).
Furthermore, cytogenetic analysis of Angelman
syndrome also showed a deletion in the 15q11-
q13 region; however, in Angelman syndrome, the
maternally derived chromosome is affected
(Ref. 8). Angelman syndrome has a very different
phenotype to PWS, characterised by: severe
mental retardation, usually with no speech;
seizures; unusual behaviour including a happy
demeanor, frequent laughter, and easy excitability;
and delayed head growth with microcephaly by
age 2 years. PWS and Angelman syndrome are

classic examples of imprinting disorders resulting
from the failure of proper epigenetic regulation
of gene expression.

The PWS critical region (PWSCR) located in
the chromosome 15q11-q13 region is shown in
Figure 1. The typical deletion of the 15q11-q13
region is the most common cause of PWS,
presumably due to unequal crossing over in
meiosis at repeated transcribed DNA sequences
(i.e. HERC2 genes) located at the proximal and
distal ends of the 15q11-q13 region (Refs 30, 31).
However, it should be noted that overall
chromosome breakage in the 15q11-q13 region
has not been reported to be increased in PWS
subjects compared with controls (Ref. 32). The
typical deletion is of two classes – longer type I
and shorter type II – and involves a distal
breakpoint (BP3) at the end of the 15q11-q13
region and either of two proximally positioned
breakpoints (BP1 or BP2) (Ref. 33) (Fig. 1). The
type I deletion, involving breakpoints BP1 and
BP3, is approximately 5 Mb in size; the type II
deletion, involving breakpoints BP2 and BP3,  is
about 500 kb smaller (Ref. 33). Microsatellite DNA
analysis of chromosome 15q11-q13 loci using
genomic DNA from subjects with PWS and type
I or type II deletions are shown in Figure 2a and
2b, respectively.
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Figure 1. Ideogram of chromosome 15, showing genes located in the typical deletion region of  Prader–
Willi syndrome. The locations of genes in this region, 15q11-q13, and their imprinting statuses are shown.
The gene order is based on the UCSC Genome Bioinformatics website (http://genome.ucsc.edu). Approximately
40% of subjects with the typical deletion have the type I deletion, and approximately 60% have the type II
deletion. Abbreviations: Cen, centromere; Tel, telomere; BP, breakpoint; IC, imprinting centre; snoRNA, small
nucleolar RNA.

The maternal disomy 15 that is found in some
individuals with PWS is thought to occur from
nondisjunction during maternal meiosis,
resulting in a trisomy 15 fetus (Refs 7, 29).
Through trisomy rescue of the fetus and loss of
the father’s chromosome 15, the pregnancy is
salvaged and not spontaneously aborted. The

fetus is delivered at term having PWS with normal
cytogenetic findings but with maternal disomy 15.
The microsatellite pattern from a subject with
maternal disomy is shown in Figure 2c. Maternal
disomy 15 or uniparental disomy (UPD) is of two
types: heterodisomy or isodisomy. Maternal
heterodisomy occurs when the baby inherits

Ideogram of chromosome 15, showing genes located in the typical deletion 
region of Prader-Willi syndrome
Expert Reviews in Molecular Medicine C 2005 Cambridge University Press
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each of the mother’s chromosome 15s but no
chromosome 15 from the father (Fig. 2c).
Maternal isodisomy results when two identical
chromosome 15s are inherited from the mother

as a result of nondisjunction in meiosis II or
from nondisjunction in meiosis I with crossing
over occurring in the proximal long arm of
chromosome 15. Maternal isodisomy presents the

Figure 2. Microsatellite patterns representing different Prader–Willi syndrome genetic subtypes.
Microsatellite patterns are generated by PCR amplification of specific highly polymorphic regions of the genome.
The amplified fragments contain a fluorescent tag that is detected after capillary electrophoresis to separate
the fragments based on size. The microsatellite patterns are from three different Prader–Willi syndrome (PWS)
families. (a) Individuals with type I deletions have only one DNA peak with genotyping analysis using the
proximally placed microsatellite marker D15S1035 located between breakpoints BP1 and BP2, indicating the
chromosome break occurred at BP1. (b) Individuals with type II deletions have two DNA peaks for D15S1035
but only one peak for a second DNA marker, D15S822, located in the middle of the PWS critical region,
indicating the deletion breakpoints at BP2 and BP3. (c) Individuals with maternal heterodisomy have two
maternally derived DNA peaks for microsatellite markers from the 15q11-q13 region (e.g. D15S822) and no
paternally derived peaks since the paternally derived chromosome is absent.

Microsatellite patterns representing different Prader-Willi syndrome
genetic subtypes
Expert Reviews in Molecular Medicine C 2005 Cambridge University Press
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possibility of additional genetic disorders in the
PWS patient if the mother is a carrier of an
autosomal recessive gene mutation on chromosome
15, such as the Bloom syndrome gene (BLM)
located at 15q26.1 (Ref. 34).

Fluorescence in situ hybridisation (FISH)
studies have confirmed that approximately 70%
of cases of PWS have the typical chromosome
15q11-q13 deletion. The remaining cases have
no obvious defect revealed by FISH and
approximately 25% of these cases result from
maternal disomy 15. About 3% of cases have
biparental or normal inheritance of chromosome
15 and PWS results from defects (microdeletions
or epimutations) of the imprinting centre or, rarely,
other chromosome 15q11-q13 rearrangements
such as translocations, inversions or marker
chromosomes (Refs 10, 11, 35).

Molecular biology: candidate genes for
PWS

PWS arises from loss of expression of paternally
derived genes from the chromosome 15q11-q13
region that are imprinted. Several genes or
transcripts have been mapped to the 15q11-q13
region that are imprinted, with most having only
paternal expression, including SNURF–SNRPN,
small nucleolar RNAs (snoRNAs), necdin,
MKRN3 and MAGEL2 (Fig. 1). Candidate genes
for causing PWS should be paternally expressed
and maternally silenced, located within the
chromosome 15q11-q13 region and involved
directly or indirectly in brain development and
function. To date, the most extensively studied
paternally expressed gene that is active in brain
tissue is the bicistronic gene SNURF–SNRPN (Refs
36, 37). Exons 4–10 (termed SNRPN, for small
nuclear ribonucleoprotein N) encode a core
spliceosomal protein (SmN) involved in mRNA
splicing in the brain, whereas exons 1–3 (termed
SNURF, for ‘SNRPN upstream reading frame’)
encode a 71 amino acid protein enriched in
arginine residues without known function as yet.
The promoter and first exon of SNURF–SNRPN
are an integral component of the imprinting centre
that controls the regulation of imprinting or gene
activity throughout the chromosome 15q11-q13
region. A disruption (i.e. paternal deletion,
maternal disomy 15, imprinting mutations/
defects or chromosome translocations) of this
complex locus will cause loss of function of
paternally expressed genes in this region, leading
to PWS (Refs 11, 36).

Necdin (NDN), a member of the melanoma-
associated antigen gene (MAGE) family of
proteins, is expressed only from the paternal allele
in the 15q11-q13 region. The function of the MAGE
family of proteins remains unclear but they might
play a role in cell-cycle regulation and apoptosis
(Ref. 38). Necdin is detected in all developing
neurons of the embryonic mouse, in both the
central and peripheral nervous system, with the
highest expression levels in the diencephalon and
the hindbrain. After embryonic day 13, necdin has
been shown to be essential for axonal outgrowth
(Ref. 39) and is expressed in specific structures of
the nervous system such as the hypothalamus,
thalamus and pons, suggesting a developmental
role (Ref. 40). Mice deficient for necdin showed
hypothalamic deficiency, neonatal lethality and
behavioural changes similar to changes observed
in PWS. Necdin might also be responsible for at
least some of the other clinical features of PWS
(Refs 41, 42), including respiratory abnormalities
(Refs 43, 44).

The three breakpoint sites within the 15q11-q13
region are 450–500 kb sequences containing a large
transcribed gene (HERC2) and many partially
duplicated copies, some of which are transcribed
(Refs 30, 45). Other, uncharacterised transcribed
sequences are contained within these segments.
The functional HERC2 gene located at BP3
encodes a highly conserved giant protein that is
distantly related to HERC1, a guanine nucleotide
exchange factor (GEF) implicated in vesicular
trafficking (Refs 46, 47). The mouse genome
contains a single Herc2 locus, located in the jdf2
(juvenile development and fertility-2) interval of
chromosome 7C. Mutations in Herc2 lead to defects
in neuromuscular secretory vesicles and sperm
acrosomes, other developmental abnormalities
and juvenile lethality of jdf2 mice. These findings
suggest that HERC2 is an important gene encoding
a GEF involved in protein trafficking and
degradation pathways in the cell (Refs 46, 47).
HERC2 repeated sequences have also been
implicated in unequal crossing over in meiosis and,
as described above, participate in the cytogenetic
15q11-q13 deletion of two sizes (type I and type
II) (Refs 30, 36, 46). In addition, an individual with
PWS with the typical deletion has been reported
also to exhibit a duplication of the proximal end
of the 15q11-q13 region inherited from her father
(Ref. 48).

Other genes implicated in PWS include IPW
(for ‘imprinted in Prader–Willi’), MAGEL2, and a
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series of highly repeated sequences encoding
snoRNAs (Refs 8, 37, 49, 50, 51, 52, 53, 54, 55, 56).
IPW is a component of the large SNURF–SNRPN
transcript and is spliced and polyadenylated but
apparently does not encode a protein; however, it
may be a functional RNA, similar to H19 and XIST
(Ref. 54). Also encoded within the SNURF–SNRPN
transcript are multiple snoRNAs. Two snoRNAs
– HBII-52 and HBII-85 – are encoded in a tandemly
repeated array of 47 or 24 units, respectively (Ref.
57). These snoRNAs were absent from the brain
cortex of an individual with PWS and from a PWS
mouse model, demonstrating paternal expression
and a possible causal role in PWS. However, the
HBII-52 snoRNAs have recently been excluded
from having a significant role in PWS because a
small deletion encompassing the HBII-52 segment
had no obvious effect (Ref. 58). MAGEL2 is
expressed predominantly in brain from the
paternal allele, with lack of expression in the
central nervous system of individuals with
PWS. The orthologous mouse gene (Magel2) is
paternally expressed predominantly in late
developmental stages and adult brain (Ref. 59).
In humans, the loss of expression of MAGEL2
might account for brain abnormalities and
possibly the dysmorphic features seen in PWS.

Comparing overlapping deletion regions
among cases of PWS has allowed the identification
of a minimal critical region for PWS (Ref. 57). This
critical region includes an approximately 121 kb
segment within the >460 kb SNRPN locus. This
region contains only the PWCR1/HBII-85 cluster
of snoRNAs and the single HBII-438A snoRNA,
which further implicates the snoRNAs in
playing a significant role in the PWS phenotype
(Ref. 57). The function of the snoRNAs in the
15q11-q13 region is unknown but the sequence
complementarity of some of the snoRNAs (i.e.
HBII-52) to critical regions of other functional gene
sequences suggests a role in the processing of
specific mRNAs (Ref. 60).

Thus, although PWS is considered a contiguous
gene syndrome, the number of causative genes
or how the loss of expression of these genes
ultimately leads to the PWS phenotype remains
unclear.  In addition, very little consideration has
been given to the potential contribution to the
PWS phenotype by altered gene expression of
nonimprinted genes. Recently, the analysis of gene
expression by microarray technology suggested
that several genes/transcripts within or nearby
the PWSCR thought to have biallelic expression

have expression reduced by more than 50% in
those with 15q11-q13 deletions. Furthermore,
cells with maternal disomy also had reduced
expression of these genes even though two alleles
were present (Refs 61, 62). Several genes appeared
to have a paternal bias in expression pattern (i.e.
greater expression from the paternal allele), most
notably the inhibitory neurotransmitter gamma
aminobutyric acid (GABA) receptor genes
(GABRA5 and GABRB3; discussed below) located
in the 15q11.2-q13 region. Thus, the loss of the
paternal allele results in a reduction of gene
expression greater than 50% since the paternal
allele accounts for a larger percentage of gene
expression. GABAergic mechanisms have been
implicated in a number of symptoms associated
with PWS, including hunger (Refs 63, 64, 65),
obsessive–compulsive disorder (Refs 66, 67),
metabolism (Ref. 68), and visual perception and
memory (Refs 69, 70). Presumably, even a modest
decrease in the synthesis of GABA receptor
proteins could have a significant effect on
receptor formation and brain development, with
permanent consequences for central nervous
system function.

Physiology of eating behaviour
Abnormal levels of multiple neuropeptides and
hormones involved in eating behaviour and
neurological function, such as ghrelin, growth
and sex hormones, and GABA, have been reported
in PWS (Ref. 71). The molecular mechanisms
responsible for these imbalances and clinical
features are not understood. However, data from
molecular studies, neuropathology and microarray
gene expression analyses of somatic and brain
tissues are beginning to illustrate gene(s) interaction
patterns and pathways within and outside of the
15q11-q13 region, shedding light on the role of
molecular mechanisms in causing features
recognised in PWS (Fig. 3).

The peptide ghrelin is produced and secreted
by the stomach into the circulation but is
synthesised in several tissues, suggesting both
endocrine and paracrine effects. These include
increasing appetite, stimulation of GH, prolactin
and adenocorticotropic hormone secretion, and
regulation of energy homeostasis (Refs 72, 73).
Infants, adolescents and adults with PWS have
been reported to have significantly higher ghrelin
levels than either lean or obese comparison
subjects (Refs 74, 75, 76, 77). Ghrelin stimulates
eating whereas peptide YY released by the intestine

https://doi.org/10.1017/S1462399405009531 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399405009531


Accession information: DOI: 10.1017/S1462399405009531; Vol. 7; Issue 14; 25 July 2005
 ©2005 Cambridge University Press

http://www.expertreviews.org/

P
ra

d
er

–W
ill

i s
yn

d
ro

m
e:

 c
lin

ic
al

 g
en

et
ic

s,
 c

yt
o

g
en

et
ic

s
an

d
 m

o
le

cu
la

r 
b

io
lo

g
y

8

expert reviews
in molecular medicine

Figure 3. Speculative diagram illustrating possible interconnected and interactive mechanisms leading
to Prader–Willi syndrome. (See next page for legend.)

inhibits eating (Refs 78, 79). To characterise these
peptides further in PWS, preliminary expression
studies have been carried out for ghrelin and
peptide YY genes and their receptors using gene

microarray technology and quantitative reverse
transcription PCR from several regions of the
brain and from lymphoblastoid cell lines (Ref. 80).
It was found that these peptide genes are active
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in all regions of the brain studied in both PWS
and control subjects (Ref. 80).

There is a 30% reduction in the GH-releasing
hormone (GHRH) neurons in the arcuate nucleus
in the brain in PWS (Refs 81, 82) and this might
explain why GH responsiveness to GHRH is
impaired in PWS (Refs 83, 84). Furthermore, PWS
has been suggested as a genetic model of
starvation owing to abnormal hypothalamic
function that results in the body interpreting the
absence of satiation as a state of starvation (Ref. 85).

The SGNE1 protein (secretory granule,
neuroedocrine protein 1; also known as 7B2
peptide) is detected by antibodies against SGNE1
in the supraoptic and paraventricular nucleus of
the hypothalamus in control subjects, but there
was no reaction in the majority of individuals with
PWS studied (Ref. 86). SGNE1 is a neuroendocrine
chaperone protein that interacts with prohormone
convertase 2 (PC2) and is involved in the regulation
of secretory pathways in the brain, including the
release of hormones. The gene encoding SGNE1 is
located on chromosome 15, close to the 15q11-q13
region.

GABA is widely distributed throughout the
central nervous system; it is estimated that up to
40% of neurons in the brain and spinal cord utilise
GABA as their neurotransmitter, making it,
quantitatively at least, the most important
inhibitory brain neurotransmitter (Ref. 87). Plasma
GABA levels are increased three- to fourfold in
individuals with PWS compared with control
subjects (Ref. 88). Furthermore, three members of
the large gene family encoding subunits for

GABA-A receptors – GABRA5, GABRB4 and
GABRG3 – are located in the 15q11-q13 region
(expression changes discussed above). A recent
study using positron emission tomography
suggested a reduction in GABA receptors in the
cingulate, frontal and temporal neocortices and
insula in six adult PWS patients as measured by
reduced benzodiazepine binding (Ref. 89). We
postulate that an increase in GABA level is a
direct response to the reduction of A5, B3 and G3
subunit expression in PWS subjects. Abnormal
function of the genetic material on chromosome
15 might alter synthesis, release, metabolism,
binding, intrinsic activity, or reuptake of specific
neurotransmitters, or alter the receptor numbers
and/or distribution involved in modulating
appetite. Although a mechanistic explanation has
not yet been demonstrated, the evidence strongly
implicates a significant role of altered GABAergic
pathways in the PWS phenotype (Ref. 20).

As mentioned, most PWS patients have reduced
GH-secretory capacity and hypogonadotropic
hypogonadism, suggesting hypothalamic–pituitary
dysfunction. Replacement of GH and/or sex
hormones has been shown to be beneficial in
several clinical trials in children with PWS (Refs 14,
81, 90, 91, 92). Characteristics such as decreased
growth velocity despite the onset of obesity,
reduced lean body mass in the presence of
adiposity, small hands and feet, and relatively low
insulin-like growth factor 1 (IGF-1) and insulin
levels are probably the direct result of the
hypothalamic GH deficiency in PWS (Refs 14, 17,
91, 93).

Figure 3. Speculative diagram illustrating possible interconnected and interactive mechanisms leading
to Prader–Willi syndrome. (Legend; see previous page for figure.)  Chromosome 15q11-q13 abnormalities in
Prader–WIlli syndrome (PWS) lead to altered or lack of expression of genes in the region grouped into three
categories (imprinted, biased or biallelic). In addition, expression of an interactive network of downstream
genes is affected as a result of trans effects (for example due to loss of expression of 15q11-q13 genes
involved in RNA processing) and cis effects (for example due to loss of or reduced expression of SGNE1,
which might lead to poor transport and processing of proteins such as vasopressin). Many of these perturbations
of gene expression might impact on RNA and/or protein processing/trafficking of neuroregulators/hormones.
This in turn might lead to misregulation of neuronal development and endocrine dysfunction. The disruption of
the expression of other genes, such as those encoding NDN (a cell cycle regulator), the GABA receptors
(GABRB3, GABRA5) and olfactory receptors (OR4N4), might have more direct effects on neuronal function,
and P (OCA2) disruption directly affects pigmentation. Representative examples of genes grouped according
to their expression pattern and their presumed role in the clinical outcome are shown in the figure. Abbreviations:
GABR, gamma aminobutyric acid receptor; Gpr15, G-protein-coupled receptor 15; HERC2, hect domain and
RLD (renal cell carcinoma-like domain) 2; IPW, imprinted in Prader–Willi; MAGEL2, Mage-like 2; NDN, Necdin;
NIPA1, not imprinted in PWS A1; OR4N4, olfactory receptor, family 4, subfamily N, member 4; P (OCA2),
oculocutaneous albinism II; POMC, pro-opiomelanocortin; SGNE1, secretory granule neuroendocrine protein
1; snoRNAs, small nucleolar RNAs; SNRPN, small nuclear ribonucleoprotein N; SNURF, SNRPN upstream
reading frame; Tcerg1, transcription elongation regulator 1.
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Leptin is a peptide produced by adipose tissue
and is involved in the regulation of appetite and
fat storage (Refs 94, 95, 96, 97). An association has
been investigated between genetic variants of the
human obesity gene (OB; encoding leptin) and
body mass index (BMI) or weight in a group of
individuals with PWS and age- and gender-
matched lean and obese subjects without PWS
(Ref. 98). There was no evidence for reduced leptin
in PWS as leptin levels are consistent with
increased adiposity associated with PWS or with
simple obesity (Ref. 94). In addition, no differences
in leptin levels were seen in PWS individuals with
maternal disomy or 15q deletions (Ref. 94).
Furthermore, the functional leptin receptor
(OBRb) has been reported to be present in PWS
lymphoblasts (Ref. 95); however, there have been
no reported OBRb gene studies from the human
hypothalamus. Reduction of leptin levels after GH
treatment (Ref. 99) and associated reduction of
body fat in PWS patients further suggest that
leptin is not misregulated in PWS. There is no
evidence of abnormalities of leptin receptors,
neuropeptide Y or agouti-related protein in
subjects with PWS.

Adiponectin is another peptide produced by
adipose tissue and plays a role in regulating
adiposity. Recently, serum adiponectin levels in
PWS subjects were found to be significantly lower
compared with lean subjects and significantly
higher compared with obese controls (Ref. 100;
L. Kennedy et al., Children’s Mercy Hospitals and
Clinics, unpublished). In addition, there were no
differences in adiponectin levels between PWS
subjects with 15q deletions compared with those
with maternal disomy 15. No correlation was
found between adiponectin and anthropometrical
parameters or measures of insulin sensitivity or
between adiponectin and IGF-binding protein 1
or IGF-1 levels in PWS. Furthermore, adiponectin
levels did not change during GH treatment in
PWS (Ref. 100). Recent evidence suggests
individuals with PWS are less likely to develop
diabetes than comparison subjects without PWS
but with comparable BMI (Ref. 76). This may be a
consequence of altered fat distribution in subjects
with PWS, resulting in greater adiponectin
production than comparison subjects.

Levels of oxytocin, another important
neuropeptide produced by the hypothalamus and
involved with behaviour, have been reported to
be significantly higher in the cerebral spinal fluid
of individuals with PWS relative to controls

(Ref. 101). However, circulating oxytocin levels
were abnormally low in relationship to obesity
after GH treatment of PWS (Refs 93, 102).

Diabetes mellitus is not a diagnostic criterion
for PWS but is often present (Refs 103, 104). The
aetiology for diabetes mellitus in PWS might be
related to the morbid obesity and consequent
insulin resistance. A decrease of oxytocin neurons
and leptin resistance in PWS might also induce
hyperphagia and obesity. However, treatment
with GH is beneficial for the majority of GH-
deficient PWS children, resulting in a relative
decrease in fat mass and an increase in fat-free
mass, hence decreasing obesity and concomitant
insulin resistance.

Genetic subclass comparison in PWS
Individuals with PWS with the typical chromosome
15 deletion are more homogeneous in their clinical
presentation and have hypopigmentation (due to
deletion of the pigmentation gene P (OCA2)
located in the 15q11-q13 region) compared with
PWS individuals with nondeleted chromosomes
or maternal disomy (Refs 1, 105, 106, 107, 108).
Individuals with PWS as a result of maternal
disomy have fewer typical facial features and are
less likely to have certain behavioural findings
such as skin picking, unusual skill with jigsaw
puzzles, a high pain threshold and articulation
problems. The diagnosis of PWS is reported to
occur later in PWS individuals with maternal
disomy compared with the 15q deletion, reflecting
a milder phenotype in the maternal disomy
subjects (Refs 107, 109, 110). Only recently have
detailed studies been conducted to identify
specific clinical and behavioural differences using
gene expression analysis or further delineation of
the deletion subtype. The characteristics of genetic
subtypes are summarised in Table 2.

Behavioural problems including obsessive–
compulsive and self-injurious behaviour are often
reported in PWS. Self-injurious behaviour in
individuals with intellectual impairment, autism
and developmental disabilities without PWS
ranges from 5–60% (Ref. 111). However, self-
injurious behaviour is reported in 69% of PWS
adolescents (Ref. 111) and 81% of adults (Ref. 112).
Self-injurious behaviour has been analysed in a
cohort of PWS individuals and skin picking was
found to be the most common form of self-injury,
particularly in those PWS individuals with the
typical 15q11-q13 deletion (Ref. 113). Additionally,
PWS individuals hoard and arrange items
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excessively. Compulsive symptoms have been
found in about 60% of PWS patients (Ref. 114).
Those with the deletion recorded higher scores
on the Compulsive Behaviour Checklist, indicating
a greater number of compulsive symptoms and
more symptom-related distress than those with
maternal disomy 15 (Ref. 114). It was also reported
that PWS children with the deletion showed
relative strengths on standardised visual–spatial
tasks such as object assembly compared with age-
and IQ-matched control subjects with mixed
mental retardation (Ref. 115). Interestingly, the
PWS group outperformed normal peers in
proficiency at jigsaw puzzle placement.

In a relatively large study of genetic, clinical
and behaviour assessments performed at Vanderbilt
University (TN, USA), PWS individuals with the
typical 15q11-q13 deletions exhibited significantly
more self-injury, particularly skin picking, than
found in both the obese comparison group and
the maternal disomy PWS subgroup (Ref. 116).
Furthermore, the typical deletion subgroup
displayed higher compulsivity scores than the
obese comparison group and spent more time
engaging in compulsive behaviour. They were
also less able to control their compulsive behaviour.
Both PWS subgroups showed significantly greater
global severity of compulsive behaviours than
found in an obese comparison group. The typical
deletion group showed the most severe symptoms
of obsessive–compulsive behaviour. In addition,
acute psychosis has been reported in PWS,

particularly adults with maternal disomy 15
(Ref. 117) and possibly more seizures found in the
typical deletion PWS subjects (Ref. 118).

Measures of intelligence and academic
achievement in PWS have shown that those with
maternal disomy had significantly higher verbal
IQ scores than those with the typical deletion
(Ref. 105). However, PWS deletion subjects scored
higher than the maternal disomy subjects on
object-assembly subtests, supporting specific
visual perceptual skills as being relative
strengths for the deletion group. Additionally,
discrimination of shape and motion testing
showed that the kinetic form visual performance
of the maternal disomy group was significantly
worse than the comparison or typical deletion
PWS groups (Refs 119, 120). The reason for poorer
performance in the maternal disomy group could
be due to retinal function and visual processing
differences related to excessive GABA levels and
abnormal GABA subunit receptors. However,
with respect to visual recognition and memory
tasks, PWS individuals with maternal disomy
performed better than either typical deletion or
comparison subjects (Ref. 121). The superior visual
recognition memory in the maternal disomy
subjects further supports the possible role of two
active alleles of maternally expressed genes from
chromosome 15, requiring further studies.

In summary, although all individuals with PWS
share many common characteristics, comparison
of the effects of the deletion (loss of 4–5 Mb) with

Table 2. Comparison of genetic subtypes in Prader–Willi syndromea

Genetic defect Characteristics

Typical 15q11-q13 deletion Hypopigmentation, homogeneous clinical findings (more-typical facial
appearance), lower birth weight, greater birth length (males), more
self-injurious behaviour (skin picking), higher pain threshold, greater jigsaw
puzzle skills relative to maternal disomy

  Type I deletion Increased maladaptive and compulsive behaviour relative to type II and
maternal disomy; poorer academic performance relative to type II and
maternal disomy

  Type II deletion Better adaptive behaviour relative to type I; better social skills relative to
type I or maternal disomy

Maternal disomy Shorter course of gavage feeding (females), higher verbal IQ scores, greater
numeric calculation skills, superior visual memory, poorer object assembly
and visual perceptual skills, increased psychosis relative to typical deletion

a For further information on genetic subtypes see Refs 105, 106, 107, 108, 109, 110, 115 and 116.
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maternal disomy (two maternal chromosome 15s)
reveals several distinctions between the genetic
subtypes. In general, individuals with deletions
have poorer outcomes compared with individuals
with maternal disomy. Paternally expressed genes
will be inactive in both subtypes. Therefore, the
increased severity associated with the deletion
must be due to reduced expression of hemizygous
genes, which are compensated when two maternal
copies are present, or disruption of interactive
genes on other chromosomes by the altered
expression of chromosome 15 genes. In addition,
some of the differences might be due to changes
in expression of genes distal to the PWSCR that
could be affected by the deletion process,
repositioning of the genes on chromosome 15 or
maternal disomy. Currently, several paternally
expressed genes in the 15q11-q13 region are
candidates for clinical features seen in PWS (e.g.
snoRNAs, NDN) and in genotype–phenotype
studies.

Genetic research in progress in PWS
Clinical findings associated with type I
versus type II typical deletions
Recently, clinical findings associated with type I
versus type II typical deletions have been
compared (Table 2). Clinical, anthropometric and
behavioural data were analysed in 12 PWS
individuals shown to have type I deletions and 14
PWS subjects with type II deletions, as determined
by the presence or absence of DNA markers located
between breakpoints BP1 and BP2 (Ref. 122).
Within this chromosome region (between BP1 and
BP2) are four recently recognised genes including
NIPA1, a gene widely expressed in the central
nervous system and brain. Abnormalities of
NIPA1 have been reported to occur in familial
spastic paraplegia (Ref. 123). Progressive spastic
paraplegia appears to result from mutations in
NIPA1 as haploinsufficiency does not result in
spastic paraplegia in PWS individuals with the
type I deletion (Ref. 123). However, PWS
individuals with type I deletions scored
significantly worse in certain self-injurious and
maladaptive behaviour assessments in our study
compared with the PWS subjects with type II
deletions. Obsessive–compulsive behaviour was
also more evident in PWS subjects with type I
deletions along with more impairment of visual
perception (Ref. 122).

Interestingly, individuals with type II  deletions
exhibited significantly more self-injury than those

with maternal disomy but less than those with
type I  deletions. The disassociation of compulsivity
and skin picking is consistent with our previous
factor analytic study revealing that skin picking
does not factor with compulsivity using data from
the Compulsive Behaviour Checklist (Ref. 124).
Psychobehavioural phenotypic characteristics of
individuals with PWS who had type I or longer
deletions (i.e. involving BP1) were similar in
several aspects to individuals with uncharacterised
typical deletions (Refs 125, 126, 127, 128) but
differed from those with type II or shorter
deletions (i.e. involving BP2), the latter group
resembling PWS individuals with maternal
disomy.

Several academic achievement scores differed
between those with shorter or longer typical
deletions, which might reflect a difference in
intellectual functioning as well as differences in
visual perception affecting reading ability.
Therefore, loss of genetic material between BP1
and BP2 apparently increases the severity of
behavioural and psychological problems seen in
this syndrome. The observation of behavioural
differences between type I and type II deletions
will require replication and further studies using
gene expression analysis to understand the role
of the genes involved in features seen in PWS.

Gene expression microarrays
The loss of function of genes from the 15q11-q13
region does not directly explain the phenotype of
PWS: with the exception of necdin, loss of
expression of these genes has not been shown to
cause a phenotype observed in PWS. Because it is
likely that multiple interacting networks of genes
are disrupted by the 15q11-q13 defect – including
genes on chromosome 15 (cis effects) as well as
genes on other chromosomes (trans effects) – gene
expression microarrays have been used to
examine expression patterns linked with the PWS
phenotype.

Custom-made microarrays were used to
examine expression of 73 genes/transcripts to
identify higher-level regulatory mechanisms
perturbed in PWS and the 15q11-q13 region (Refs
61, 62). Several genes/transcripts (e.g. GABRA5,
GABRB3) showed increased expression in PWS
cell lines established from individuals with
maternal disomy compared with those with the
deletion. However, these genes showed less
expression in PWS individuals with maternal
disomy than in control individuals. Therefore,
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two maternal copies of the genes produced less
RNA than one maternal and one paternal copy of
the gene, indicating paternal bias of expression
(Ref. 61). In addition, several transcripts outside
the PWSCR also had increased expression in
individuals with typical deletions relative to
controls or PWS individuals with maternal
disomy. These observations were confirmed using
similar methodology in Angelman syndrome
(Ref. 62). This expression pattern is presumably
a consequence of repositioning of these genes
on the proximal long arm region of the deleted
chromosome 15. These results warrant further
investigations since they indicate that
interconnected mechanisms can produce subtle
and unexpected changes in gene expression that
may relate to phenotypic differences observed
among the genetic subtypes of PWS.

A recent report of microarray analysis of a
transgenic mouse model of PWS indicated that
genes located in a region on mouse chromosome
18 are modestly upregulated (1.5-fold) by the loss
of gene expression from the PWSCR, suggesting
a trans-acting regulatory mechanism (Ref. 129).
The genes that are upregulated include Pp2ab,
Tcerg1, Lars, Pou4f3, Rbm27, Gpr151, C330008R14Rik
and Sh3rf2, which all map to a single chromosomal
domain. The authors suggest that a gene(s) from
the PWSCR interacts with a regulatory element
within this domain to reduce expression from this
group of genes under normal conditions. Tcerg1
is associated with the RNA polymerase II
holoenzyme and is involved in the regulation of
transcription elongation, and Gpr151 is a G-protein-
coupled receptor. Both genes are widely expressed
in the central nervous system and could affect
neuronal development. The subtle transactivational
control of these genes by genes within the PWSCR
suggest that more dramatic changes remain to be
discovered at either the translational level or
perhaps at the protein level to explain the
dramatic phenotypic effects of the loss of
expression of the genes in 15q11-q13. Additional
studies to examine global regulatory mechanisms
at both the transcription and translation level are
needed to further our understanding of the
complex nature of multigenic disorders such as
PWS.

Brain imaging
Preliminary brain imaging studies using
functional magnetic resonance imaging (MRI)
from a cohort of individuals with PWS and

controls revealed post-prandial hyperfunction in
the limbic and paralimbic cortical regions of the
brain in PWS (Ref. 130). Conversely, brain imaging
of individuals with healthy weights indicated
increased activity of the limbic and paralimbic
regions prior to consumption of a meal (Ref. 131).
After eating, these regions of the brain were
normalised and neuronal activity decreased
substantially. In contrast to healthy-weight
individuals, PWS individuals failed to normalise
these regions of the brain after meal consumption
and instead developed a dramatic increase in
neurological activity (Ref. 130). Thus, the failure
of satiation following a meal appears to have a
neurological basis in PWS. These preliminary
results need confirmation in obese individuals
without PWS using a wider variety of stimuli to
further understand eating behaviour and its
regulation in PWS.

Interesting future questions
PWS individuals exhibit reduced selectivity in
choosing food items for consumption (i.e. they
may consume inappropriate food items). There is
a known correlation between smell and taste
and/or selection of food for consumption.
Interestingly, two olfactory receptor genes
(OR4M2, OR4N4) are located proximally at the
boundary of the PWSCR on chromosome 15 (UCSC
Genome Browser, http://genome.ucsc.edu/). If
these genes are misregulated or perturbed in PWS
owing to genetic rearrangements, they might
contribute to reduced olfactory sensitivity or
normal olfaction. This disturbance could lead to
failure to discriminate between appropriate and
inappropriate food items for consumption.
Therefore, the expression of the olfactory receptor
genes might be affected more in the larger typical
type I deletion. One proposed study would
investigate gene expression patterns in PWS to
identify gene expression differences that correlate
with food-seeking and food-preference behaviour
(Ref. 132). The application of proteomic technology
in brain and peripheral tissues might also be
helpful in elucidating the role of deleted or
perturbed genes in neurobehavioural outcomes
in PWS.

There is growing evidence for the loss of
expression of SNRPN and snoRNAs in causing
some or all features recognised in PWS, although
there is no evidence that these genes are directly
causal. As described before, it appears that these
genes are involved in the correct processing/
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splicing of other genes, particularly in the
hypothalamus where they are known to be
paternally expressed. There are a number of
nonimprinted genes acting in the hypothalamus
that are involved in appetite and behaviour
regulation with complex processing and splicing
required prior to translation (e.g. ghrelin, ghrelin
receptor, vasopressin receptor). It is possible that
faulty production of mature mRNA of these
and/or other downstream genes as a result of the
loss of SNRPN function and/or the snoRNAs could
produce PWS. This requires further investigation.

Like SNRPN and the snoRNAs, SGNE1 is
expressed in the hypothalamus (Ref. 86). SGNE1
produces a chaperone protein (peptide 7B2)
implicated in the proper transport and processing
of proteins, such as vasopressin in the
paraventricular nucleus. Vasopressin reduction in
brain specimens of PWS individuals has been
reported (Refs 81, 82) and immunohistochemical
studies have provided evidence that SGNE1 is
downregulated in PWS, resulting in reduced
production of mature vasopressin (Refs 86, 133).
Perhaps other genes that require complex post-
translational processing (e.g. pro-opiomelanocortin
(POMC)] might be affected by the misregulation
of SGNE1. Genomic and proteomic tools will
undoubtedly identify more interactive genes
outside the 15q11-q13 region that are affected by
incorrect post-transcriptional or post-translational
processing.

Concluding remarks
A great deal has been learned about PWS in the
past 25 years. Understanding of the basic defect
and careful characterisation of the phenotype
have dramatically improved the management
and therapeutic intervention for individuals
with PWS. However, the genes directly
responsible for the features of PWS remain
obscure. Understanding the interconnection of
candidate genes for PWS, their tissue specificity
and their level of expression in PWS, along with
other interactive genes involved as a result of
altered transcription and translation, will improve
our knowledge of causation of PWS and hopefully
lead to improved therapies.
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Figures
Figure 1. Ideogram of chromosome 15, showing genes located in the typical deletion region of Prader–Willi

syndrome.
Figure 2. Microsatellite patterns representing different Prader–Willi syndrome genetic subtypes.
Figure 3. Speculative diagram illustrating possible interconnected and interactive mechanisms leading to

Prader–Willi syndrome.
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Table 1. Clinical characteristics of Prader–Willi syndrome.
Table 2. Comparison of genetic subtypes in Prader–Willi syndrome.
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Further reading, resources and contacts

The PWS Association (USA) and International PWS Organization websites provide nontechnical
explanations of Prader–Willi syndrome and provide information on support for families who have children
with Prader–Willi syndrome:

http://www.pwsausa.org/index.html
http://www.ipwso.org/links.html

The Online Mendelian Inheritance in Man (OMIM) website provides a brief overview of Prader–Willi
syndrome with references to the significant primary literature:

http://www.ncbi.nlm.nih.gov/Omim

The genetests site provides a description and review of Prader–Willi syndrome:

http://www.GeneTests.org

The following newly published textbook provides an extensive review of the genetics and management of
Prader–Willi syndrome:

Butler, M.G., Lee, P.D.K. and Whitman, B.Y., eds (2005) Management of Prader-Willi Syndrome, 3rd edn,
Springer-Verlag, New York, NY, USA
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