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Abstract: Genomic imprinting is a process that determines differential expression of genes according to their parental
origin. Most imprinted genes play roles in growth, development and tumour suppression. Angelman syndrome is one of
the most studied human diseases related to a gene that is expressed on the maternal chromosome only (at least in certain
brain cells). It is caused by inactivation of the UBE3A gene in the brain due to various abnormalities of chromosome
15q11-q13 inherited from the mother. Its phenotype includes developmental delay, absent speech, motor impairment, a
typical electroencephalogram, seizures and a peculiar behaviour. Lack of UBE3A expression may result from deletion of
the 15q11-q13 region where this gene and GABRB3 are located, paternal uniparental disomy, imprinting defect or UBE3A
mutation. Animal models corresponding to the different molecular classes have been generated. An integrative hypothesis
for the molecular pathophysiology of the syndrome suggests dysregulation of synaptic neurotransmission through
UBE3A-related modulation of functional GABAA receptors and GABRB3-related amount of β3 sub-unit in these receptors.
This would account for developmental changes as well as for the differences in severity between deletion and nondeletion cases. In addition to rehabilitation programmes adapted to the patients’ individual needs, promising management
approaches may include pharmacological agents interfering with GABAA receptors, increasing GABRB3 expression or
altering DNA methylation.
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INTRODUCTION
Genomic imprinting is defined as differential expression
of genes according to their maternal or paternal origin. In
humans, about 50 genes are imprinted (for an updated list,
see www.otago.ac.nz/IGC). About half are expressed when
they are inherited from the mother and half when inherited
from the father. Most of these genes seem to play roles in
growth, development and tumour suppression. For some of
them, imprinted expression is partial [Chung et al. 1996],
specific to a developmental stage [Ekstrom et al. 1995] or to
a tissue [DeChiara et al. 1991]. Imprinting of one allele
(maternal or paternal) is signalled at concerned loci by DNA
methylation at cytosine sites and/or histone modification
[Reik et al. 2001]. DNA methylation has been studied more
extensively than histone modification. After DNA synthesis
has been completed, addition of methyl groups to cytosine
alters the major groove of DNA to which DNA binding
proteins attach. This may result in either decreased or
increased rate of transcription, according to the position of
the methylation change with respect to the transcription
initiation site [Jones & Takai, 2001]. Such epigenetic
markers can be copied post-synthetically, resulting in
heritable changes in chromatin structure.
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DNA cytosine methylation has been implicated as an
important epigenetic determinant in human disease,
particularly in cancer and developmental disorders (e.g. Rett
syndrome, OMIM#312750). DNA methylation associated
with genomic imprinting is also implicated in human disease
[Clayton-Smith, 2003], as in Angelman syndrome (OMIM#
105830), Prader-Willi syndrome (OMIM#176270), SilverRussell syndrome (OMIM*180860), Huntington disease
(OMIM*143100), Albright's hereditary osteodystrophy
(OMIM#103580) and Beckwith-Wiedemann syndrome
(OMIM#130650). Angelman syndrome is one of the most
studied human diseases related to a gene that is expressed on
the maternal chromosome only in at least some brain cells. It
is caused by inactivation of the UBE3A gene in the brain due
to various abnormalities of chromosome of 15q11-q13
inherited from the mother. It is characterised by severe
developmental delay, seizures, virtual absence of speech,
motor impairment and a peculiar behavioural phenotype.
Abnormalities in the corresponding region of the chromosome
15q11-q13 of paternal origin give rise to Prader-Willi
syndrome, a clinically distinct condition with hypotonia,
learning difficulties, obesity and hypogonadism, the factor
determining the phenotypic outcome being the parental
origin of the chromosome defect. In addition, these two
disorders provided the first example of ‘imprinting mutations’
in humans. This has offered much insight into genomic
imprinting and its processes. In this review, we will focus on
recent findings and current understanding of the processes
that lead to the expression of Angelman syndrome, as this
©2004 Bentham Science Publishers Ltd.
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condition seems to provide an archetype of neurodevelopmental disruption due to dysfunction of an imprinted gene
that may occur through several distinct mechanisms.
ANGELMAN SYNDROME
This syndrome was originally described in three unrelated
children with facial dysmorphism, cognitive impairment,
inability to speak, easily provoked laughter, ataxia and
seizures [Angelman, 1965]. Angelman syndrome has an
estimated prevalence of 1:12000 [Steffenburg et al. 1996]. It
has mostly been described in children, but awareness of the
syndrome has been growing in the adult population,
particularly in institutionalised patients [Therasse et al. 1997;
Sandanam et al. 1997; Buckley et al. 1998], and the natural
history has been increasingly documented [Buntinx et al.
1995; Laan et al. 1996; Clayton-Smith, 2001]. Beyond
individual situations, Angelman syndrome can serve as a
model opening broad questioning of genetic and epigenetic
influences in neurology, as well as of several concepts such
as psychomotor development, cerebral palsy, behavioural
phenotypes and epileptic syndromes [Dan & Cheron 2003].
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overactive, happy and sociable. Muscle tone abnormalities
include axial hypotonia, present from birth, and spastic
hypertonia of the limbs that becomes apparent during the
first year of life. Despite varying degrees of ataxia, most
patients develop independent walking. Gait is distinctive,
with a wide base, lower limb extension and lateral rotation,
and associated elbow flexion and wrist supination. More than
80 % of patients have epileptic seizures. The interictal
electroencephalogram shows three typical rhythmic patterns
that may be found independently, respond differently to
drugs and show different developmental profiles [Boyd et al.
1988; Dan & Boyd, 2003]. These electroencephalographic
patterns are not related to specific genotypes but seem to be
caused by UBE3A dysfunction, possibly related to GABAA
receptor dysfunction [Dan & Boyd, 2003]. However, they do
not seem to be epileptic and should be differentiated from
non-convulsive status epilepticus. In addition, less specific
epileptic activity may occur, more marked in patients with a
deletion involving the GABRB3 gene.

CLINICAL DIAGNOSIS
Clinical diagnosis of Angelman syndrome is based on a
set of physical and behavioural features [Williams et al.
1995] (Table 1). The main cranio-facial signs are illustrated
in Fig. (1). Patients have developmental delay with severely
impaired cognitive skills, though accurate assessment is
often difficult. About one third of them speak no words at
all, while it is very rare that patients use more than 5 words.
This contrasts with better receptive verbal communication
and relatively good communication skills based on
spontaneous or learned signs. Behaviour is characteristically
Table 1.

Clinical features of Angelman Syndrome (Adapted
from [Williams et al. 1995]).

Constant features (100 %)
developmental delay, usually severe
severe language impairment (virtual absence of words, expressive
language better than receptive language
movement and balance impairment (tremor, hypertonia, myoclonia,
ataxia)
Common features (80%)
relative microcephaly
happy demeanour, frequent smiling and laughing
epileptic seizures
abnormal electroencephalogram
hyperactive behaviour
Other features (20-80 %)
brachycephaly
wide mouth, widely spaced teeth, protruded tongue
excessive mouthing behaviour
strabismus
skin, hair and eye hypopigmentation
poor heat tolerance
feeding difficulties in infancy

Fig. (1). Facial characteristics of a patient with Angelman
syndrome. Note visual contact, fair eyes, pointed nose, midface
hypoplasia, wide smiling mouth, prognathism and sialorrhoea.

MOLECULAR CLASSES
Genetic testing may confirm the diagnosis in around 85
% of cases, allowing categorisation into 6 molecular classes
(Table 2). Sub-classes have been defined on the basis of the
mechanism giving rise to each molecular class [ClaytonSmith & Laan, 2003]. All patients with a molecular
diagnosis of Angelman syndrome have a functional absence
of the maternally inherited UBE3A gene. In about 70%, this
is due to a ~4 Mb interstitial microdeletion of chromosome
15q11-q13 [Knoll et al. 1989]. The region concerned by such
microdeletions (Fig. (2)) is remarkably consistent despite
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Table 2. Molecular Classes of Angelman Syndrome (with
Approximate Proportions).
I

15q11-q13 deletion

70%

II

Paternal uniparental disomy

2-3%

III

Imprinting defect

3-5%

IV

UBE3A gene mutation

5-10%

V

other 15q11-q13 abnormalities

<2%

VI

unidentified

<10%

Fig. (2). Map of chromosome 15q11-q13 that is commonly
involved in deletions causing Angelman syndrome. Grey and black
boxes represent paternally and maternally imprinted genes,
respectively. White boxes represent unimprinted genes.

some degree of variability in the breakpoint of the deletion
closest to the centromere [Knoll et al. 1999]. This may be
related to the presence of multiple incomplete copies of the
HERC2 gene, increasing the risk of recombination between
the repeats during meiosis [Nicholls, 1994]. In addition to
the UBE3A and HERC2 genes, other genes are implicated in
the deletion, possibly resulting in a contiguous gene syndrome.
The ATP10C gene is expressed preferentially from the
maternal chromosome only [Meguro et al. 2001]. However,
other genes in the deletion region, such as SNRPN, ZNF127,
NDN and IPW, are only active on the paternally-derived
chromosome 15, so that maternal deletion should not affect
the level of their product. However, absence of a copy of the
GABRB3, GABRG3 and GABRA5 genes, which code for subunits of the γ-aminobutyric acid receptor GABAA, has
tentatively been related to abnormalities in GABAergic
neurotransmission [Olsen & Avoli, 1997].
There is a mutation in the maternal UBE3A gene [Kishino
et al. 1997; Matsuura et al. 1997] in another 5 to 10% of
patients. This gene comprises 16 exons with a coding region
from exons 8 to 16. Point mutations have been described
throughout the coding region [Malzac et al. 1998]. Most of

them appear to be private mutations, with a high occurrence
rate of de novo mutations. Most mutations are frameshift
mutations in exon 9, which constitutes approximately half of
the coding region. By contrast, exons 15 and 16 appear to
constitute hot spots with approximately 3 times more
mutations than expected from their size. Many reported
missense and single amino acid mutations are located in the
catalytic cleft between the two lobes of the (highly
conserved) HECT domain in exon 16 [Huang et al. 1999].
A further 3 to 5% of patients have an imprinting defect
resulting in a lack of the typical maternal pattern of DNA
methylation [Buiting et al. 1995]. This defect may be related
to an abnormality of another microregion in chromosome
15q11-q13 that contains a 880 bp sequence (Angelman
syndrome shortest region of deletion overlap abbreviated
AS-SRO) located 35 kb upstream of exon 1 of the SNRPN
gene. AS-SRO or an element inside it is thought to be
necessary for the establishment of maternal imprinting in the
female germline. It contains one of several upstream SNRPN
exons (u5), but it is unclear whether a 5' alternative SNRPN
transcript or an element close to u5 is important for this
activity. In this region an ‘imprinting centre’ regulates
chromatin structure, DNA methylation and gene expression
through cis-acting elements. Imprinting centre defect results
in the incorrect setting of the methylation patterns within
15q11-q13 during gametogenesis, as well as the reversal of
allele-specific expression of imprinted genes on the affected
homologue in the offspring. It may be due to microdeletion
[Buiting et al. 1995] or mutation [Ohta et al. 1999] of the
imprinting centre. In most cases, imprinting centre mutations
are inherited. However, the majority of imprinting defects
are due to epimutations that occurred spontaneously in the
absence of DNA sequence changes [Buiting et al. 2003].
Approximately 2 to 3% of patients have inherited both
copies of chromosome 15 from the father and none from the
mother, i.e. paternal uniparental disomy [Malcolm et al.
1991]. As a result, no functional copy of the UBE3A gene is
inherited from the mother. The majority of cases of paternal
uniparental disomy of chromosome 15 arise when an egg
that has no copy of chromosome 15 as a result of a maternal
meiotic error (nullisomic gamete) is fertilised by a sperm
with a single copy of chromosome 15, which undergoes
subsequent duplication [Robinson et al. 2000]. This leads to
uniparental isodisomy. Rare instances of translocation or
other rearrangements of chromosome 15 have also been
reported.
These different mechanisms may result in phenotypes of
varying severity [Bürger et al. 1996; Minassian et al. 1996;
Minassian et al. 1998; Moncla et al. 1999; Lossie et al.
2001; Dan et al. 2000b], although some features such as
rhythmic electroencephalographic patterns [Dan & Boyd
2003] and motor control strategies [Dan et al. 2000a; Dan et
al. 2001; Dan & Cheron in press] appear to be broadly
similar across the different genotypes. Communication,
cognitive and motor impairment as well as seizure disorder
are generally more severe in cases with chromosome 15q11q13 deletion than in cases with imprinting defect and
paternal uniparental disomy [Bürger et al. 1996; Minassian
et al. 1998; Moncla et al. 1999; Lossie et al. 2001; Dan et al.
2000b]. This may be related to the presence of relatively
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reduced silencing of the UBE3A gene when two paternal
copies are present.
ANIMAL MODELS
The molecular characterisation of Angelman syndrome
has allowed the development of animal models of the various
mechanisms underlying the syndrome. There are now several
mouse models based on the genetic homology between
human chromosome 15q11-q13 and murine chromosome
7C-D1. The human and mouse gene homologues are imprinted
in the same way in the two species, located in the same order
on the chromosome but in the opposite orientation.
An equivalent of human Angelman syndrome
microdeletion has been constructed by transgene insertion in
chromosome 7B-C of mice [Gabriel et al. 1999]. Although
paternal transmission of the transgene resulted in a lethal
phenotype within the first week of life, maternal transmission
did not result in obvious phenotypical abnormalities but has
not been studied neurophysiologically. Mice with maternal
inheritance of the transgene had virtually absent Ube3a
expression in the cerebellum compared to normal levels in
wild-type littermates and mice with paternal inheritance of
the transgene (which are a deletion mouse model for PraderWilli syndrome).
Mice with partial paternal uniparental disomy of
chromosome 7A-C, showing paternal duplication and
maternal deficiency for ~30 cM of the central chromosome
7, had a high incidence of failure to thrive as well as
spontaneous postnatal death in the first month compared to
normal siblings [Cattanach et al. 1997]. However, survivors
were grossly obese by 6 months despite shorter tail and
femur lengths than normal siblings. They had mild gait
ataxia with slight aversion of the hind limbs, increased startle
and hyperactive behaviour. Electrocorticographic recordings
showed bilateral prolonged runs of high amplitude delta
rhythmic activity in marked contrast to the normal low
amplitude irregular fast activity seen in the wild type.
Neuropathological examination disclosed no abnormality
except for thinning of the cerebral cortex, though no cell loss
was observed.
Surviving homozygotes with null mutation of the Ube3a
gene tended to show failure to thrive, hypoactive behaviour
and abnormal posture when held by the tail [Jiang et al.
1998]. There was no obvious phenotypic abnormality in
heterozygous mice with either maternal or paternal deficiency.
However, specific motor testing showed impaired coordination in mice with inactivated maternally inherited Ube3a
gene. They also showed learning impairment and deficits in
hippocampal long-term potentiation that have been related
to diminished calcium/calmodulin-dependent protein kinase
II activity [Weeber et al. 2003]. Electrocorticographic
recordings showed almost continuous runs of rhythmic 3/s
activity while they were awake and active [Jiang et al. 1998].
This activity was mixed with polyspikes and slow waves.
Audiogenic seizures were induced in 20-30% of these mice
and in none of the wild-type or paternal Ube3a-deficient
mice. The brain weight of maternally deficient mice was
lower than that of the wild-type or paternally deficient mice
but no morphological differences were noted. Another
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mouse model with targeted inactivation of the maternally
inherited Ube3a gene was constructed by inserting a cassette
containing an internal ribosome entry site and a LacZ-neoR
fusion gene to permit detection of allele knockout expression
by LacZ staining [Miura et al. 2002]. These mice also
showed no obvious phenotypic abnormalities, but fine
testing revealed impaired motor coordination and learning
compared to paternal Ube3a deficient siblings. Hippocampal
electrocorticographic recordings showed runs of high
amplitude 4-5/s spike-waves in maternally deficient mice.
These mice also had low brain weight but no morphological
abnormality in the hippocampus, cerebellum and olivary
bulbs compared to paternally deficient siblings. In
maternally deficient mice, LacZ staining was found in the
Purkinje cell layer of the cerebellum, the hippocampus,
dentate gyrus, ventricular ependyma and scattered cells in
the frontal cortex.
Of the transgenic models implicating other genes in the
murine chromosomal region homologous for Angelman
syndrome, the most relevant appears to be a mouse that is
deficient in the GABRB3 gene [Homanics et al. 1997]. Half
of the homozygous knockout mice had cleft palate and
neonatal mortality was very high. Survivors had seizures,
hyperactive behaviour, coordination and learning impairment
[Homanics et al. 1997; DeLorey et al. 1998]. These mice
showed developmental changes in their electrocorticographic
recordings consisting of progressive slowing and the
subsequent appearance of high amplitude irregular slow and
sharp waves, and generalised seizures associated with
spiking [DeLorey et al. 1998]. Heterozygotes tended to show
behaviours intermediate between wild-type and homozygous
null mutants, with significant abnormalities in electrocorticogram, seizures and rest-activity patterns [DeLorey et al.
1998].
GABAA RECEPTOR DYSFUNCTION
Many features of Angelman syndrome have been hypothesised to be related to dysfunction of the GABAA receptor
complex. This heteropentameric complex constitutes a family
of membrane chloride channel proteins produced from a
number of genes encoding for about 19 different sub-units
that produce about 20 different GABAA receptors with
different localisations, biological and pharmacological
properties [Olsen et al. 1999]. GABAA receptors play an
important role in fast inhibitory synaptic transmission [Olsen
& Avoli, 1997], as well as an important developmental role
in neuronal survival, migration, and synaptogenesis [Belhage
et al. 1998]. Deficits in these receptors have been related to
neurodevelopmental impairment and seizure disorder [Olsen
& Avoli, 1997; Olsen et al. 1999; Perez Velazquez, 2003]. In
particular, the importance of GABAA receptors in synaptic
transmission related to motor control, cognitive processing
and seizure disorder has focussed attention on their possible
alterations in the pathophysiology of Angelman syndrome
[DeLorey et al. 1998; Lalande et al. 1999]. Such considerations have been increasingly supported by observation of
the modulating effect of some drugs on particular
electroencephalographic findings and have influenced the
use of pharmacological agents in patients with Angelman
syndrome.
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In both patients and animal models of Angelman
syndrome electroencephalography shows distinctive rhythmic
patterns [Dan & Boyd, 2003]. Such cortical rhythms are
thought to result from thalamo-cortical interactions [Kandel
& Buzsaki, 1997]. In both physiological and pathological
phenomena the generation of thalamo-cortical rhythms is
dependent on GABAA receptor-mediated synaptic inhibition
[Blumenfeld & McCormick, 2000], which may be
significantly altered by changes in the sub-unit composition
[Browne et al. 2001]. Mutations in different genes coding for
GABAA receptor sub-units have been shown to result in
altered inhibition through different mechanisms, including
reduced surface expression of functional receptors and
altered gating [Bianchi et al. 2002].
GABAA receptors also play a major role in cerebellar
physiology. Except for granule cells and unipolar brush cells,
all neurone populations in the cerebellar cortex produce
synaptic γ-aminobutyric acid. In Angelman syndrome,
cerebellar dysfunction contributes to the motor impairment
[Dan et al. 2001; Dan & Cheron in press], as already
suspected by Angelman [1965], and possibly to communication and learning impairment. Neuroradiological and
neuropathological studies of this syndrome have shown no
abnormalities except for some reports of mild to moderate
non-specific cerebral atrophy and one documented case of
cerebellar atrophy that may be secondary to anticonvulsant
therapy [Jay et al. 1991]. However, isotopic imaging using
ligands binding onto the benzodiazepine site of the GABAA
receptor complex showed decreased binding in several
regions including the cerebellum [Holopainen et al. 2001]. In
situ hybridisation studies showed lack of Ube3a expression
in Purkinje cells of a mouse model of Angelman syndrome
with partial uniparental disomy [Albrecht et al., 1997].
Another mouse model with targeted inactivation of
maternally-inherited Ube3a showed increased levels of
cytoplasmic p53 in Purkinje cells [Jiang et al. 1998]. More
recently, succedaneous activity to Ube3a was found in the
Purkinje cell layer in genotypically and phenotypically
similar mice in which a Lac-z cassette was inserted in the
maternally-inherited Ube3a gene [Miura et al., 2002]. These
converging evidences suggest cerebellar dysfunction
involving Purkinje cells. The latter occupy a final integrating
position in the cortical cerebellar network. Oscillatory local
field potentials were recently found in mice with maternal
inactivation of the Ube3a gene, generated by Purkinje cells
with high levels of synchrony of Purkinje cell activity along
the parallel fibre beam [Dan et al. 2003]. The implication of
cerebellar GABA A circuitry in this oscillation (demonstrated
by gabazine injection) points to the involvement of the
cerebellar inhibitory network linking the Purkinje cells and
the coupled (by mutual GABAergic synapses and gap
junctions) molecular interneurones.
MOLECULAR PATHOPHYSIOLOGY
The 15q11-q13 region contains a cluster of genes for
three sub-units (α5, β3, and γ3) of the GABAA receptor that
are expressed in several regions of the adult brain and are
even more abundant in many regions of the embryonic and
neonatal brain [Laurie et al., 1992]. The discovery of the
GABRB3 gene made it a strong candidate for explaining the

Current Pharmacogenomics, 2004, Vol. 2, No. 2 5

molecular pathogenesis of Angelman syndrome, as all
GABAA receptor subtypes are believed to contain a β subunit and the β3 is the only one present early in life [Laurie et
al. 1992]. However, it has become clear that this cannot
account for all the features of Angelman syndrome. Indeed,
patients with 15q11-q13 cytogenetic alterations, such as
deletions (Prader-Willi syndrome), pericentromeric inversions
and duplications (inv-dup(15) syndrome) or other types of
duplications (in some cases of autism), have distinct clinical
phenotypes. Furthermore, about 30 % of patients with
features of Angelman syndrome do not have a deletion
involving the GABRB3 gene, i.e. patients with imprinting
defect, uniparental disomy, UBE3A mutation or no
detectable 15q11-q13 abnormality. Finally, a patient with a
deletion involving the GABRB3 gene but not the critical
region for Angelman syndrome did not show the clinical
characteristics of Angelman syndrome although he had
seizures [Minassian et al. 1996].
Other genes located in the 15q11-q13 region have been
implicated in specific features of Angelman syndrome, such
as the P gene in hypopigmentation in patients with a deletion
[Bürger et al.1996] and the ATP10C gene in eventual obesity
in patients with a deletion or an imprinting defect [Meguro et
al. 2001]. The latter has been tentatively linked to deficient
membrane phospholipid transport that depends on an
aminophospholipid translocase [Meguro et al. 2001].
However, it is now evident that all patients with a molecular
diagnosis of Angelman syndrome have a functional absence
of the maternally inherited UBE3A gene. As in humans with
Angelman syndrome [Rougeulle et al. 1997], brain Ube3a
protein levels are reduced in mouse models which do not
knock out the GABRB3 gene, due either to lack of imprinting
[Albrecht et al. 1997] or to UBE3A knockout [Jiang et al.
1998, Miura et al. 2002].
Research has therefore concentrated on the role of the
UBE3A gene, though the mechanism by which its
inactivation results in Angelman syndrome is still unclear.
This gene is specifically imprinted in the brain, with
different region-specific levels of silencing of the paternal
allele. In different mouse models, evidence of expression of
UBE3A has been found predominantly in the hippocampus,
olfactory bulbs and cerebellar Purkinje cells (or in the
Purkinje cell layer). The UBE3A gene encodes a sense
transcript maternally in neurones but biallelically in glial
cells, and an anti-sense transcript only in neurones and only
from the paternal allele [Yamasaki et al. 2003]. The product
of the UBE3A gene, ubiquitin-protein ligase E3A
abbreviated UBE3A, exists in at least three isoforms of
UBE3A that are determined by alternative splicing of the
gene [Yamamoto et al., 1997]. A major advance in our
understanding of UBE3A structure and insights into the
effects of mutations on UBE3A function were provided by a
fine description of the crystal structure of the complex
between HECT domain of the UBE3A gene and an E2
protein [Huang et al., 1999]. E2 interacts with E3 through
the N lobe of the HECT domain, then transfers ubiquitin to
C820 of UBE3A. C820 is located in the catalytic cleft
between the two lobes of the HECT domain, where many
mutations found in patients with Angelman syndrome have
been located. UBE3A plays a role in ubiquitin-mediated
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protein catabolism. This pathway leads to selective
proteolysis implicating covalent attachment of ubiquitin, a
highly conserved polypeptide, on to lysine residues of target
proteins by the sequential action of ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2) and
ubiquitin ligases (E3), which appear to be implicated in
substrate recognition [Glickman & Ciechanover, 2002]. E3
enzymes have been classified into three groups on the basis
of their primary structures: the HECT, RING-finger and Ubox families. UBE3A is a HECT-domain ubiquitin E3 ligase.
The best-characterised function of ubiquitination is to mark
target proteins for proteolysis by proteasomes. The ubiquitinproteasome system has been regarded as a quality-control
system for intracellular proteins that is particularly active in
the degradation of misfolded or unfolded proteins
[Hatakeyama & Nakayama, 2003]. UBE3A alias E6-AP, was
originally identified by its ability to promote the degradation
of the p53 oncoprotein in association with the E6 protein of
the human papilloma virus [Huibregtse et al. 1991]. The p53
protein interacts with a large number of intracellular proteins
and may transactivate many genes, thereby modulating cell
proliferation or apoptosis [Chêne, 2001]. In addition to p53,
UBE3A ubiquitinates human homologues of yeast Rad23
protein [van der Spek et al. 1996], implicated in nucleotide
repair processes, and B lymphocyte kinase or Blk [Oda et al.
1999]. UBE3A can also ubiquitinate itself in a reaction that
implicates E6 [Kao et al. 2000].
Ubiquitination pathways have been implicated in the
pathophysiology of other neurological disorders [Chung et
al. 2001]. For example, early-onset autosomal recessive
Parkinson disease (OMIM#600116) is due to abnormalities
of the gene coding for parkin, another E3 ubiquitin-protein
ligase [Shimura et al. 2001].
Although the specificity of ubiquitin ligases is yet far
from being clarified, it may be speculated that the effect of
functional absence of the UBE3A gene gives rise to
Angelman syndrome through several mechanisms. It has
been proposed that disruption of a step in the ubiquitin
pathway of proteolysis results in accumulation of intracellular
proteins [Lalande et al. 1999]. These proteins could then
interfere with the function of different tissues more or less
markedly in function of their biochemical activities et
perhaps more specifically with the expression of other genes.
The brain and in particular certain brain regions might be
more affected than other tissues, notably at crucial stages of
neurological maturation. This phenomenon might be
enhanced in the brain because of a lack of compensation by
other proteolysis mechanisms that do not include the specific
functional aspects of UBE3A and also because neurones do
not divide after differentiation. Increased abundance of
cytoplasmic p53, whose interaction with UBE3A/E6-AP is
thought to require the presence of E6, has been found in
Purkinje cells of a young adult with Angelman syndrome
(hippocampus was not analysed) [Jay et al. 1991, Jiang et al.
1998] and Purkinje cells and hippocampal neurones in a
mouse model of Angelman with maternal inactivation of the
Ube3a gene [Jiang et al. 1998] but not in another, similar
model [Miura et al. 2002].
However, ubiquitination has other roles in specific
protein labelling than targeting for proteolysis. It has been
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implicated in specific activation of certain enzymes [Wang et
al. 2001]. This would provide another possible mechanism
for the role of UBE3A dysfunction in producing the expression of Angelman syndrome, though no putative enzymatic
substrate has been proposed to date. Moreover, none of these
mechanisms would account for the apparent role of the β3
sub-unit of the GABAA receptor as outlined above.
The ubiquitin pathway may also play a role in the
regulation of the abundance of postsynaptic receptors [Burbea
et al. 2002]. Kleijnen et al. [2000] recently demonstrated the
interaction of UBE3A with ubiquitin-like Plic proteins. This
is of particular interest since Plic-1 selectively binds to
GABAA receptors containing the β3 sub-unit and regulates
the number of these receptors in the cell membrane [Bedford
et al. 2001]. This process appears critical for regulating
GABAergic synaptic strength [Kneussel, 2002]. The
molecular mechanism by which Plic-1 affects GABAA
receptor function remains to be determined, but a direct role
for proteasome function seems plausible, as suggested by
recent characterisation of hPLIC-2–proteasome binding
[Kleijnen et al. 2003]. This would provide a more complete
mechanism for Angelman syndrome whereby functional
absence of UBE3A would impair the regulation of GABAA
receptors, likely leading to stoichiometric re-arrangements.
In addition to the β sub-unit, the differential effect of
benzodiazepines on the typical electroencephalographic
patterns of Angelman syndrome suggests that GABAA
receptor sub-unit re-arrangements also involve α and γ subunits, as their action does not depend on the β sub-unit
subtype [Bianchi et al. 2002]. Considering the biallelic
expression of the genes encoding these sub-units, such
rearrangements would depend on post-translational factors,
even in deletion cases. Elevated plasma levels of γaminobutyric acid might reflect a compensatory process
[Ebert et al. 1997].
Extensive application of this hypothesis to the evolution
of the syndrome expression with age is currently difficult
because of limited data on maturation of GABA receptors.
However, the absence of the distinctive electroencephalographic abnormalities in the first months of life may be
explained by the known change of GABA function related to
KCC2 gene expression [Rivera et al. 1999]. Similarly, the
diminished GABA A receptor expression with increasing age
reported in epileptic children [Chugani et al. 2001] may
partly account for the decreased amplitude and prevalence of
distinctive electroencephalographic patterns in Angelman
syndrome in later childhood and perhaps the occasional
development of alpha rhythm and the enhancement of
anterior sharp slow-waves in adolescence.
PERSPECTIVES FOR MANAGEMENT
Management of Angelman syndrome rests very largely
on re-habilitation programmes aimed at optimising the
motor, cognitive and communication development. Such
programmes are tailored individually, based on the specific
needs of patients rather than on the aetiological diagnosis. It
is unlikely that postnatal “attempts to modify anatomic
destiny” [Philippart, 2001] will be effective in fundamentally
altering the natural history of the syndrome given the
importance of the GABAA receptor complex in early develop-
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ment, including the foetal period. In contrast, recognition and
management of shortcomings and special risks remains a
high priority, including effective control of epilepsy.
Pharmacological agents that interact with the GABAA
receptor complex, such as benzodiazepines, barbiturates and
corticosteroids, and other drugs that increase the level of γaminobutyric acid at GABAergic synapses have been
abundantly used to control the seizure disorder associated
with Angelman syndrome. However, several cases of clinical
deterioration have been reported following treatment of
epilepsy with vigabatrin [Kuenzle et al. 1998; Østergaard &
Balslev, 2001]. As this medication potentiates GABAergic
neurotransmission by inhibiting GABA-transaminase, it
seems paradoxical that it would aggravate a condition
thought to be due to deficiency in GABAA receptors [Olsen
& Avoli, 1997]. Nevertheless, GABAA-ergic drugs have not
been proposed to alter other aspects of the syndrome
expression.
The heterogeneity of GABAA receptor sub-units
determines not only functional differences between subtypes
but also differential interactions with drugs. In the case of
Angelman syndrome, it might be interesting to develop a
pharmacological agent that would specifically augment
GABAA receptors containing a β3 sub-unit. In this context,
it is of interest that lamotrigine (3,5-diamino-6-(2,3dichlorophenyl)-1,2,4-triazine) has been recognised as an
effective anticonvulsant in Angelman syndrome [Ruggieri &
McShane, 1998; Østergaard & Balslev, 2001]. Although this
drug has no direct effect on GABAA receptors [Gibbs et al.
2002], it was recently shown that chronic treatment with
lamotrigine increases GABRB3 gene expression in
primary cultured rat hippocampal cells ( CA1, CA3
and dentate gyrus) [Wang et al. 2002].
The effect of methylation of the UBE3A gene on its
activity has also fostered hopes that epigenetic modulation
might lead to restoration of its function. The larger part of
the paternal chromosome 15q11-q13 is unmethylated and
most of the genes located in this region are expressed. DNA
methylation can be affected by dietary levels of methyldonor components, such as folic acid [Van den Veyver,
2002]. Empirical oral supplementation of folinic acid
normalised 5-methyltetrahydrofolate levels in the cerebrospinal fluid and led to partial clinical improvement in four
patients with Rett syndrome [Ramaekers et al. 2003], a
condition that shows a clinical overlap with Angelman
syndrome [Ellaway et al. 1998]. Given the possible
phenotypic similarities between Angelman syndrome and
methylenetetrahydrofolate reductase (MTHFR) deficiency
(OMIM#607093) [Williams et al. 2001], Beaudet hypothesised that low folic acid might decrease UBE3A gene
expression and high folic acid might increase it [Beaudet &
Bacino, 2003]. Formulating the hypotheses that dietary
manipulation might increase DNA methylation, that this
eventual increase would favour expression of the paternal
UBE3A gene and that eventual, even late expression of this
gene would improve the patients’ condition, this team
proposed to treat patients with Angelman syndrome with a
diet enriched in high doses of folic acid and betaine. Folic
acid was expected to increase DNA methylation and betaine
to enhance the effect of folic acid. Early clinical results of a
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double-blind trial conducted in children have not shown
clear changes, though the possibility of moderate benefits
has not been analysed [Beaudet & Bacino, 2003]. In
addition, this line of thought might benefit from the growing
body of clinical research aimed at altering DNA methylation
patterns in oncology both through dietary manipulation and
pharmacology, though many of the drugs currently
developed in this field are directed at inhibiting DNA
methylation in order to re-activate methylation-silenced
genes.
Another avenue to alter UBE3A gene methylation relates
to epigenetic mechanisms that contribute to the regulation of
imprinting, such as modification of the chromatin structure
which constitutes the functional mark distinguishing the two
alleles at imprinted domains. Developmentally, this may be
generated through a number of different molecular pathways,
including differential DNA methylation or asynchronous
replication timing [Simon et al. 1999]. Histone modifications
constitute a crucial level in epigenetic regulation. Tails of
histone amino acids protruding from the nucleosome are
sites of post-translational enzyme-catalysed modifications
including acetylation, methylation, phosphorylation, and
ubiquitination. These modifications affect histone interactions
with the DNA and other proteins, especially during
chromatin formation. This represents a complex set of
epigenetic information with combinatorial potential forming
a ‘histone code’ that specifies patterns of gene expression.
The role of histone methylation in the maintenance of parentspecific DNA methylation [Xin et al. 2003] may point to a
role of histone methylation in establishing DNA methylation
patterns and have direct relevance to UBE3A gene
expression. The AS-SRO has been shown to be packaged
with acetylated histone H4 and methylated histone H3(K4)
only on the maternal allele, and this imprinted epigenetic
structure is maintained through cell divisions despite the
absence of clear differential DNA methylation [Perk et al.
2002]. The molecular steps controlling the imprinting
process have recently been characterised in the mouse, which
shows remarkable similarity with man in the sequence of the
imprinting centre [Kantor et al. 2004]. Pharmacological
approaches which could induce histone modification or more
generally interfere with chromatin packaging, might promote
demethylation or remethylation of imprinted genes or of
imprinting control regions. Nucleosome remodelling induced
by specifically designed complexes, covalent histone
modification within the nucleosome or replacement of core
histones by variants might be of particular interest in this
regard.
CONCLUSION
Almost all manifestations of Angelman syndrome seem
to be related to lack of UBE3A expression in the brain. In
physiological conditions, only the maternal allele is
expressed in some brain regions. Lack of UBE3A expression
may result from several mechanisms including deletion of
the 15q11-q13 region where this gene and GABRB3 are
located, which may be isolated or rarely be due to
chromosome re-arrangement, paternal uniparental disomy,
which may occur postzygotically or less often arise through
meiotic non-disjunction, imprinting defect, which may
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occasionally be due to imprinting centre mutation, or UBE3A
mutation. It may be hypothesised that the phenotypic features
are caused by dysregulation of synaptic neurotransmission
through UBE3A-related modulation of functional GABAA
receptors in all cases and additional GABRB3-related deficit
in β3 sub-unit in these receptors in deletion cases. Promising
therapeutic avenues include pharmacological agents
interfering with GABAA receptors, increasing GABRB3
expression or altering DNA methylation.
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