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The majority of patients with Angelman syn-
drome and Prader-Willi syndrome have a cy-
togenetic and molecular deletion of chromo-
some 15ql11q13 with the primary difference
being in the parental origin of deletion. Our
current understanding of the cytogenetics
and molecular genetics of these 2 clinically
distinct syndromes will be discussed in this
review. © 1993 Wiley-Liss, Inc.
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INTRODUCTION

Prader-Willi syndrome (PWS) and Angelman syn-
drome (AS) are clinically distinct syndromes with a
shared cytogenetic deletion of chromosome 15q11q13 in
most patients [Ledbetter et al., 1981, 1982; Butler et al.,
1986; Kaplan et al., 1987; Magenis et al., 1987; Pembrey
et al., 1989; Williams et al., 1989]. Clinical manifesta-
tions in PWS include reduced fetal activity, neonatal
hypotonia and feeding problems, mental retardation,
childhood obesity, short stature, small hands and feet,
hypogonadism, and an abnormal facial appearance
[Prader et al., 1956]. AS is characterized by ataxic move-
ments, seizures, severe mental retardation, absent
speech, frequent laughter, and specific facial character-
istics [Angelman, 1965]. Because of the clinical distinct-
ness and the apparent cytogenetic similarity of AS and
PWS, these 2 syndromes have recently been the subject
of intensive investigations. Our current understanding
of the cytogenetics and molecular genetics of these 2
syndromes will be discussed in this review.
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CYTOGENETICS

The most common cytogenetic abnormality associ-
ated with AS and PWS is an interstitial deletion of
15q11q13 [Ledbetter et al., 1982; Butler et al., 1986;
Pembrey et al., 1989; Williams et al., 1989]. These dele-
tions, found in approximately 60% of AS and PWS pa-
tients are de novo and familial recurrences have not
been confirmed. About one third of patients have appar-
ently normal chromosome 15s and include PWS and AS
patients with affected sibs [Lubinsky et al., 1987; Knoll
etal., 1990; Hamabe et al., 1991b] and the remaining 5%
have other chromosome abnormalities involving
15q11q13. These abnormalities include inversions, du-
plications, translocations, and small bisatellited addi-
tional chromosomes (SBACs). Chromosome 15, unlike
the other acrocentric chromosomes, is seldom involved
in Robertsonian translocations, although chromosome
15 Robertsonian translocations are overrepresented in
the PWS population [Mattei et al., 1984].

When PWS or AS is suspected, it is necessary to per-
form chromosome analysis at the 550 band stage and
preferably the 850 band level. Band q12 splits at the 850
band stage as shown in Figure 1 and this splitting does
not represent a duplication. This observation contrasts
with that of ISCN 1985 [Harnden and Klinger, 1985] but
confirms that of Magenis et al. [1990]. Microscopically,
AS deletions appear larger than PWS deletions [Ma-
genis et al., 1990; J.H.M.K. and M.L., personal observa-
tions] but no corresponding differences in the molecular
extents of the deletions have been reported [Knoll et al.,
1989, 1990]; this may reflect incomplete coverage of
15q11q13 with existing DNA probes and/or differential
homologue condensation. A cytogenetic deletion of prox-
imal 15q is difficult to detect reliably because of the
heteromorphic nature of 15q11.2, the size of the region,
its variability in homologue condensation, and its prox-
imity to the centromere and resulting tendency to bend.
Given the difficulties in microscopically assessing
15q11q13, fluorescence in situ hybridization (FISH)
with DNA probes specific to the deletion region greatly
facilitates the detection of a deletion. This approach has
the added advantage of confirming a deletion in inter-



Fig. 1. High resolution GTG-banded normal chromosome 15 and
idiogram at the 850 band level. Band q12 splits at this level of resolu-
tion,

phase nuclei. An example of this approach using cloned
markers specific for 15q11q13 is presented in Figure 2.

Parental origin of the 15s has been assessed in PWS
and AS families using cytogenetic polymorphisms of
chromosome 15. These polymorphisms, including varia-
tions in the nucleolar organizing regions, the size of the
short arms, and the fluorescence of the centromeres
have documented that the deletion is on the paternally
derived chromosome 15 in PWS [Butler and Palmer,
1983; Butler et al., 1986; Mattei et al., 1984; Niikawa
and Ishikiriyama, 1985] and confirmed previous mo-
lecular findings [Knoll et al., 1989] that the deletion is
on the maternally derived 15 in AS [Magenis et al.,
1990; Williams et al., 1990].

The variety and frequency of abnormalities involving
proximal 15q suggest a vulnerability of this region to
rearrangements. Higher rates of cytological meiotic chi-
asma [Saadallah and Hultén, 1983] and sister chroma-
tid exchanges [Wenger et al., 1989] have been observed.
The nature of the chromatin in chromosome 15 differs
from the other acrocentrics in its cytochemical proper-
ties. Its constitutive heterochromatin, composed of all of
the satellite DNAs, is rich in 5-methylcytosine
[Okamoto et al.,, 1981}, a finding consistent with
5-methylcytidine antibody specificity [Miller et al.,
1974], distamycin/DAPI stainability [Schweizer et al.,
1978; Smeets et al., 1991], and failure to condense after
treatment with 5-azacytidine [Schmid et al., 1984]. Spe-
cific DNA sequences leading to instability of this region
have been suggested [Donlon et al., 1986] and require
further investigation.

MOLECULAR GENETICS

Chromosome 15q11ql3 specific markers have been
isolated from genomic libraries constructed from flow
sorted SBACs [Donlon et al., 1986; J. H.M.K. and M.L.,
in preparation], hybrid cell lines [Tasset et al., 1988],
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Fig. 2. Two-color FISH with 2 or more chromosome 15q11q13 spe-
cific probes on interphase nuclei (a—d) and metaphase chromosomes.
Large insert phage clone for IR4-3R, 34, 3-21, and GABRB3 were
labeled with either digoxigenin-11-dUTP or biotin-16-dUTP, hy-
bridized, and detected as previously described [Lawrence et al., 1990].
Efficiency of hybridization for each probe was determined prior to
multiple hybridizations. Two chromosomes 15q11q13 are evident in the
interphase nucleus of a control individual (a,b), while a single
15q11q13 (three probe hybridization) is present in an AS patient with a
cytogenetic and molecular deletion (c,d). Specificity of 2 of the clones to
chromosome 15q11ql3 is shown (e,f). DAPI fluorescence images are
shown (a,c,e) and red and green fluorescence were viewed through a

double-band pass filter (Omega Optical). For color reproduction of this
figure, please see page 47 of this issue.

and from microdissected 15q11q13 chromosomal re-
gions [Buiting et al., 1990]. Most studies have utilized
cloned markers (3-21, IR39d, IR4-3R, IR10-1, 34, 189-1)
derived from the first SBAC library [Donlon et al.,
1986]. These markers have been used to analyze DNA
from AS and PWS patients quantitatively and quali-
tatively. By quantitative analyses, 3 main molecular
classes have emerged [Tantravahi et al., 1989; Knoll et
al., 1990]. Two of these classes represent large molecular
deletions that differ only by the presence or absence of
one centromere proximal marker (IR39d) and the third
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class represents a molecular class in which no deletion is
detected [Knoll et al., 1990]. The 2 deletion classes corre-
spond to patients with cytogenetically visible deletions
and the third class corresponds to patients with normal
chromosomes. The presence or absence and extent of
deletion within each syndrome appear to have relatively
little effect on the phenotype with the possible excep-
tion, at least for PWS, of the association of a deletion
with hypopigmentation {Wiesner et al., 1987; Butler,
1989].

Recently, a maternally transmitted deletion of
marker 3—21 in 3 AS sibs was reported [Hamabe et al.,
1991b]. Its presence in several relatives provides the
first clear evidence of a submicroscopic deletion. Other
submicroscopic rearrangements including duplications,
deletions combined with duplications, and discon-
tinuous deletions have been reported [Gregory et al.,
1990; Hamabe et al., 1991a]. However, these have been
single cases and the interpretations may reflect the lim-
itations and difficulties of quantitative hybridization
and high resolution chromosome analyses. To confirm
these rearrangements and their submicroscopic nature,
cytogenetic deletion detection by FISH would be useful
and could serve to reduce the critical regions of AS and
PWS.

Restriction fragment length polymorphisms (RFLPs)
for the cloned DNA markers have shown that the dele-
tion is on the maternally derived 15 in AS [Knoll et al.,
1989; Williams et al., 1990] and have confirmed the
paternal origin of the deleted 15 in PWS [Nicholls et al.,
1989a; Hamabe et al., 1991a; Robinson et al., 1991]. This
difference in parental origin was the first genetic
evidence that 15q11q13 may be imprinted. Additional
evidence in favor of imprinting came from the interest-
ing observation of Nicholls et al. [1989b] that nondele-
tion PWS patients have 2 maternal copies and no pater-
nal copy of 15q11q13 (maternal uniparental disomy).
Interestingly, RFLP analyses in all confirmed nondele-
tion PWS patients have shown maternal uniparental
inheritance of chromosome 15 [Robinson et al., 1991;
Hamabeetal., 1991a;J. H. M. K. and M. L., unpublished
data] while similar analyses in nondeletion AS patients
have demonstrated both a maternal and a paternal copy
of 15q11q13 in most patients [Knoll et al., 1991; Ham-
abe et al., 1991b]. Only a small fraction of nondeletion
AS patients has paternal uniparental disomy [Malcolm
et al., 1991]. This observation provides yet another ge-
netic difference between the 2 syndromes. Imprinting of
this region is further substantiated by the maternal
transmission of a submicroscopic deletion to 3 AS chil-
dren, where no phenotype is associated with paternal
transmission of the same deletion [Hamabe et al.,
1991b]; and by the occurrence within an extended fam-
ily of both AS and PWS dependent on whether an unbal-
anced translocation involving chromosome 15 was ma-
ternally or paternally inherited [Hultén et al., 1991].

ETIOLOGY

Gene(s) in 15q11q13 appear to be maternally or pater-
nally imprinted during gametogenesis such that copies
from each parent are required for normal development.
Deletions from parents of opposite sex manifest clini-

cally distinct syndromes and additional copies of genes
from one parent do not balance missing genes from the
other parent. Asynchronous replication of maternal and
paternal proximal 15q {Izumikawa et al., 1991 maybea
consequence of imprinting. Very little is known of its
molecular basis. Studies in mice suggest an association
between methylation and imprinting in transgenes
[Swain et al., 1987; Reik et al., 1987]. Recent evidence
suggests that the genetic imprint does not extend over
large regions [Barlow et al., 1991] and that genes which
are tightly linked can be imprinted in opposite direc-
tions [Bartolomei et al., 1991; DeChiara et al., 1991]. A
number of expressed chromosome 15q11q13-specific se-
quences map close to the p (pink-eyed dilution) locus on
mouse chromosome 7 [Nicholls, 1989; Chaillet et al.,
1991, Wagstaff et al., 1991a]), a region for which there is
no evidence as yet for imprinting.

The minirnum estimated size of chromosome region
15q11q13 is 5 Mb and it may contain more than 100
genes. While several expressed sequences have been
found in ql1ql13, only recently a first gene of known
function was localized to this region [Wagstaff et al.,
1991b]. This gene encodes a receptor subunit for gamma
aminobutyric acid (GABA) which is the main inhibitory
neurotransmitter in the mammalian brain. This
GABA, receptor B3 subunit gene (GABRBS3) is deleted
in AS and PWS patients with interstitial cytogenetic
deletions but is not deleted in at least one PWS patient
with an unbalanced translocation [Wagstaff et al,,
1991b). It is deleted in the family with a maternally
inherited submicroscopic deletion and 3 AS children
[Hamabe et al., 1991b; Saitoh et al., 1992]). Thus,
GABRBS3 has not been excluded from the AS critical
region and may be responsible for some of the clinical
manifestations of AS,

Although cytogenetically visible interstitial deletions
in AS and PWS are similar in size when tested with
DNA probes, the critical regions of deletion for the 2
syndromes are being refined through the analysis of
patients with unbalanced translocations and sub-
microscopic deletions [Wagstaff et al., 1991b; Knoll and
Lalande, unpublished data]. Current evidence suggests
that the critical regions for the 2 syndromes are distinct.
More precise definition of the critical regions, as well as
identification of genes within these regions, should lead
to an understanding of the genes and regulatory ele-
ments responsible for the pathogenesis of AS and PWS.

ADDENDUM
We have locallized a second gamma aminobutyric acid
receptor subunit gene, a5 (GABRAS5) to chromosome
15q11ql13. It is deleted in AS and PWS patients with
interstitial cytogenetic deletions but is intact in both an
AS patient and a PWS patient with unbalanced trans-
locations and smaller distal extents of deletion.
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