
The E6–AP Ubiquitin–Protein Ligase (UBE3A)
Gene Is Localized within a Narrowed
Angelman Syndrome Critical Region
James S. Sutcliffe,1 Yong-hui Jiang,1 Robert-Jan Galjaard,1

Toshinobu Matsuura,1,2 Ping Fang,1 Takeo Kubota,3 Susan L. Christian,3

Jan Bressler,1 Bruce Cattanach,4 David H. Ledbetter,3 and
Arthur L. Beaudet1,2,5

1Department of Molecular and Human Genetics and 2Howard Hughes Medical Institute, Baylor College of
Medicine, Houston, Texas 77030; 3Center for Medical Genetics, The University of Chicago, Chicago,

Illinois 60637; 4Mammalian Genetics Unit, Medical Research Council, Harwell, Didcot, Oxon, UK

Angelman syndrome (AS) and Prader–Willi syndrome (PWS) are distinct clinical phenotypes resulting from
maternal and paternal deficiencies, respectively, in human chromosome 15q11–q13. Although several imprinted,
paternally expressed transcripts have been identified within the PWS candidate region, no maternally expressed
gene has yet been identified within the AS candidate region. We have developed an integrated physical map
spanning the PWS and AS candidate regions and localized two breakpoints, including a cryptic t(14;15)
translocation associated with AS and a non-AS 15q deletion, which substantially narrow the AS candidate region
to ∼250 kb. Mapping data indicate that the entire transcriptional unit of the E6–AP ubiquitin–protein ligase
(UBE3A) gene lies within the AS region. The UBE3A locus expresses a transcript of ∼5 kb at low to moderate
levels in all tissues tested. The mouse homolog of UBE3A was cloned and sequenced revealing a high degree of
conservation at nucleotide and protein levels. Northern and RT–PCR analysis of Ube3a expression in mouse
tissues from animals with segmental, paternal uniparental disomy failed to detect substantially reduced or absent
expression compared to control animals, failing to provide any evidence for maternal-specific expression from
this locus. Recent identification of de novo truncating mutations in UBE3A taken with these observations
indicates that mutations in UBE3A can lead to AS and suggests that this locus may encode both imprinted and
biallelically expressed products.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
no. U82122.]

Angelman syndrome (AS) and Prader–Willi syn-
drome (PWS) are distinct neurobehavioral disorders
associated with maternal and paternal deficiencies,
respectively, of gene expression from human chro-
mosome 15q11–q13, indicating that oppositely im-
printed genes are involved in these disorders (Led-
better and Ballabio 1995; Nicholls 1993). Patients
with AS are characterized by mental retardation
with absent speech, microcephaly, seizures, abnor-
mal electroencephalograph (EEG), a puppet-like
movement disorder, inappropriate laughter, and
characteristic facies (Williams et al. 1995). PWS is
characterized by hypotonia, hypogonadism, failure

to thrive, and feeding difficulties in infancy. Older
PWS patients develop obesity secondary to hyper-
phagia and exhibit moderate mental retardation,
small hands and feet, and characteristic facies
(Holm et al. 1993).

A number of paternally expressed transcripts
have been identified in the PWS candidate region,
and these include small nuclear ribonucleoprotein-
associated polypeptide N (SNRPN ) (Ozcelik et al.
1992; Glenn et al. 1993b; Reed and Leff 1994), a
gene with intron–exon structure, but without an ob-
vious open reading frame designated as imprinted
in Prader–Willi (IPW) (Wvrick et al. 1994), and two
large transcripts that lack intron/exon structure or
substantial open reading frames and are designated
PAR-5 and PAR-1 for Prader–Willi/Angelman region
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(Sutcliffe et al. 1994). Similar to observations at
other imprinted loci, differential methylation is ob-
served over a wide region in 15q11–q13, with the
majority of sites being methylated on the mater-
nally derived homolog. This includes substantial
maternal methylation at a CpG island located at the
58 end of SNRPN (Sutcliffe et al. 1994; Glenn et al.
1996), and discrete sites of maternal methylation at
a marker designated PW71 (Dittrich et al. 1993).
Southern blot probes detecting differential methyl-
ation have been particularly useful in facilitating
molecular diagnosis of these two disorders (Cassidy
et al. 1996).

The majority (∼70%) of both AS and PWS pa-
tients exhibit large (3–4 Mb) interstitial deletions of
a common interval in 15q11–q13. PWS deletions
occur exclusively on the paternally derived homo-
log, whereas AS deletions are specific to the mater-
nal chromosome. Most of the remainder of PWS
patients demonstrate maternal uniparental disomy
(UPD); however, the reciprocal paternal UPD is ob-
served in only ∼4% of AS patients (Nicholls 1993;
Ledbetter and Ballabio 1995). Imprinting defects,
termed imprinting mutations, are seen in ∼2% of
PWS and 7% of AS patients and are characterized by
biparental inheritance but abnormal methylation
and a deficiency of imprinted gene expression in
the region (Glenn et al. 1993a; Reis et al. 1994; Sut-
cliffe et al. 1994; Cassidy et al. 1996). The observa-
tion of small deletions upstream of SNRPN in several
imprinting mutation cases implies the existence of
an imprinting center (IC), which may act to regulate
the switching of the imprinting pattern during ga-
metogenesis (Sutcliffe et al. 1994; Buiting et al.
1995; Dittrich et al. 1996). In addition to deletions,
UPD, and imprinting mutations, a fourth class of
patients exists for AS and is characterized by bipa-
rental inheritance and normal methylation at
SNRPN and PW71. It has been hypothesized that
this group of patients represents likely intragenic
mutant cases of AS and includes rare families with
multiple affected cases over several generations
demonstrating an imprinted pattern of inheritance
and linkage to 15q11–q13 (Meijers-Heijboer et al.
1992; Wagstaff et al. 1993).

Observation of rare deletion and translocation
patients who are deficient for only a portion of the
15q11–q13 large deletion interval has allowed fur-
ther definition of candidate regions for AS and PWS.
One particularly important case involved familial
segregation of an interstitial deletion that caused AS
when maternally inherited but a normal phenotype
when paternally inherited (family Se) (Hamabe et al.
1991; Saitoh et al. 1992). This most likely indicates

that the deletion interval contains part or all of the
AS gene but not those genes whose deficiency pro-
duces a PWS phenotype; this effectively separates
the PWS and AS candidate regions. One breakpoint
in this case was found to map just telomeric to the
group of paternally expressed transcripts, with the
deletion extending telomeric ∼1.5 Mb (Greger et al.
1993). In the course of positional cloning efforts to
identify genes in the AS/PWS region, we found that
several transcripts, including the gene encoding the
E6-associated protein (now designated E6–AP ubiq-
uitin–protein ligase; gene symbol UBE3A) mapped
to the AS candidate region (Nakao et al. 1994). RT–
PCR analysis of these transcripts for imprinted ex-
pression using cultured fibroblasts and lympho-
blasts from AS and PWS patients with large dele-
tions (Nakao et al. 1994) thus far has failed to
demonstrate maternal-specific expression for any
transcript in this region.

Two recently reported cases involving chromo-
some 15 abnormalities may further define the AS
candidate region. The first case involves detection
of a cytogenetically visible deletion in proximal 15q
in a mother and her son, who was ascertained for
developmental delay, but with no obvious features
of AS (Michaelis et al. 1995). Fluorescent in situ hy-
bridization (FISH) and microsatellite analysis had
shown that the centromeric breakpoint maps
within an ∼800-kb interval between markers
D15S10 and D15S113. A second case involves a fa-
milial cryptic t(14;15) translocation associated with
AS. In this family, the mother and unaffected sib-
ling are chromosomally balanced with the affected
sibling unbalanced and deficient for genetic mate-
rial in proximal chromosome 15 (Burke et al. 1996).
The simplest interpretation of the data for this fam-
ily is that the der(15) inherited by the unaffected
sibling retains all of the genetic information neces-
sary to protect against AS. FISH analysis of this fam-
ily suggested that the der(15) translocation break-
point maps near D15S10. A third case in which two
affected siblings with familial AS demonstrated dif-
ferent alleles at a marker locus (D15S122), which
maps telomeric to the Se family breakpoint, may
narrow the AS candidate region even further (Greger
et al. 1994).

Positional cloning efforts in the PWS/AS region
have led to the generation of physical maps com-
prised of a yeast artificial chromosome (YAC) contig
of the 3 to 4-Mb common deletion interval (Muti-
rangura et al. 1993), as well as cosmid and pulsed-
field gel electrophoresis (PFGE) maps of the region
surrounding the Se breakpoint, extending centro-
meric from the IC region, through the PWS paternal
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expression domain and part of the AS candidate re-
gion telomeric to the breakpoint (Sutcliffe et al.
1994). Coverage of this interval was incomplete,
however, with several gaps present in the YAC-
derived cosmid contig. We now report the develop-
ment of a complete and integrated physical map of
the IC, PWS, and AS candidate regions comprised of
YACs, P1 artificial chromosomes (PACs) and cos-
mids, annotated with genes and other marker loci.
The t(14;15) and non-AS 15q deletion breakpoints
have been localized, defining a narrowed AS critical
region containing the UBE3A gene. Although evi-
dence for any maternally expressed product from
this locus is lacking, recent identification of de novo
truncating mutations in a few AS patients indicates
that UBE3A is the AS gene and argues that a mater-
nal-specific product from this locus should exist
(Kishino et al. 1997; Matsuura et al. 1997).

RESULTS

PAC clones were isolated following PCR and hybrid-
ization-based screening for the following loci: PW71
(D15S63), SNRPN 38-untranslated region (UTR),
PAR-5, IPW, PAR-1, UBE3A, and D15S10. Multiple
clones were identified for each locus and were as-
sessed by PCR for STS (sequence-tagged site) content
using the above loci and confirmed by hybridiza-
tion using these and other probes in the region. STS
mapping of other markers included D15S174, cor-
responding to the Se breakpoint (Greger et al. 1994),
a new microsatellite marker (D15S1506) derived
from cosmid 17, and D15S122, which was found to
map just centromeric to D15S10 (Fig. 1B). Addition-
ally, relationships between PAC clones and previ-
ously isolated cosmids were determined and are
shown in Figure 1B.

To localize breakpoints in the t(14;15) and non-
AS 15q deletion cases, PACs and cosmids from the
region including and telomeric to the Se breakpoint
were utilized as hybridization probes on Southern
blots containing genomic DNA from the respective
families and normal controls. Any clone crossing a
breakpoint would be expected to detect a variant
restriction fragment because of a rearrangement of
restriction sites at the translocation or deletion
junction. PAC 14I12 and overlapping cosmid 24 de-
tected a possible EcoRI junction fragment when
used as probes on blots containing DNA from the
t(14;15) family (data not shown). To evaluate this
possibility, each of four individual EcoRI fragments
constituting the c24 insert was tested individually
on Southern blots containing normal and t(14;15)
samples. One 8-kb EcoRI fragment, designated 24E8,

detected variant fragments with multiple enzymes
in the mother and affected child (Fig. 2). With some
enzyme–probe combinations, such as with HindIII,
two abnormal fragments were seen in the mother,
one of which was common to the affected daughter.
This result is consistent with the mother having two
derivative chromosomes and the child having only
the der(14). The fact that one probe can detect both
breakpoints suggests that there was not a substantial
loss of genetic material from the site of breakage on
chromosome 15.

Use of all cosmids and PACs from the region
failed to detect any variant junction fragments on
blots with the non-AS 15q deletion family. How-
ever, dosage analysis following multiple hybridiza-
tions provided a consistent pattern of reduced in-
tensity with cosmids telomeric to c24 compared to
normal controls, whereas cosmid 24 and all clones
centromeric consistently demonstrated equal inten-
sities on Southern blot analysis (data not shown).
We conclude that the breakpoint in this case must
lie in the gap between c24 and its telomeric neigh-
bor c36. This would indicate that the non-AS 15q
deletion breakpoint maps more telomeric than the
t(14;15) breakpoint and that the latter provides a
more narrowed definition of the AS candidate re-
gion. Based on chromosomal breakpoints, the AS
candidate region is considered to extend from the Se
breakpoint telomeric to the t(14;15) breakpoint cov-
ering a region of ∼250 kb.

Significant efforts have been made over the past
few years to identify novel genes within the AS can-
didate region, which have included exon trapping,
cDNA selection, and genomic sequencing. Exon
trapping, in particular, has led to the identification
of two novel transcripts, designated ASR-1 and ASR-
2, for Angelman syndrome region (Fig. 1B; P. Fang,
unpubl.). Despite intensive efforts, however, we
have failed to identify any novel maternally ex-
pressed gene in this region, which has prompted
reevaluation of UBE3A.

It became clear that the entire transcriptional
unit of UBE3A was contained within the narrowed
AS candidate region. Whereas previous data indi-
cated a lack of maternal-specific expression in hu-
man fibroblasts and lymphoblasts, the possibility of
tissue- or temporal-specific expression was not ex-
cluded. Given the continued status of UBE3A as a
positional candidate for AS, we began further char-
acterization of the gene to evaluate this possibility.
Previously published Northern analysis demon-
strated expression of a 5-kb transcript in primary
foreskin keratinocytes (Huibregtse et al. 1993).
Northern analysis in a more extended panel of tis-
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sues confirms the size of the transcript and shows
low to moderate levels of expression in most tissues
(Fig. 3). Although heart and skeletal muscle exhibit
substantially stronger signals than other tissues,
comparison to control gene [glyceraldehyde-3-
phosphate dehydrogenase (GAP3D)] expression in-
dicates that relative loading variation accounts for
much of this difference. The transcriptional orien-
tation of UBE3A became apparent, when it was
found that the 38 UTR mapped centromeric to more
58 exons, indicating transcription from telomere to-
ward centromere, opposite that for SNRPN (Buiting
et al. 1993).

To evaluate UBE3A further, the mouse homolog
was isolated by screening a mouse brain cDNA li-
brary. One cDNA clone of ∼2.9 kb included the en-
tire coding region, and this clone was completely

sequenced (GenBank accession no. U82122). Com-
parison to the human gene revealed 93% identity at
the nucleotide level and 94% at the peptide level
(Fig. 4). A stretch of 9 amino acids in the human
protein was not observed in the translation of this
mouse sequence. This sequence in the human cor-
responds to the middle of exon 3 and is not adjacent
to a splice boundary. Generally, a higher degree of
conservation is observed toward the 38 end than at
the 58 end.

Progress toward characterization of the 58 end
of the human and mouse genes led to the detection
of CpG islands in both species. This CpG island had
been identified previously by PFGE mapping in the
region (Sutcliffe et al. 1994). Sequencing of mouse
and human cDNAs containing 58 exons and ge-
nomic fragments containing the CpG island telo-

Figure 1 (A) A schematic physical map of the 15q11–q13 PWS/AS common deletion interval is shown with the
centromere toward the left and the telomere toward the right. Genes and genomic markers are shown in boxes.
Sites of differential methylation are indicated by asterisks (*) over PW71 and SNRPN. Wavy vertical lines represent
chromosomal breakpoints. The common PWS and AS deletion breakpoints are near either end of the map, and the
Se family centromeric deletion breakpoint maps between SRRPN and UBE3A, defining the PWS and AS candidate
regions, indicated over the map. Breakpoints in the 15q non-AS deletion case and the t(14;15) translocation case,
together with the Se breakpoint, define the narrowed AS critical region indicated above UBE3A. (B) YAC, PAC,
cosmid, STS, and gene map of the ∼1-Mb region surrounding the Se breakpoint. Genomic clones are indicated by
horizontal lines; gene and STS markers are indicated by broken vertical lines.
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meric to the Se breakpoint identified a 58 exon and
detected a sequence in GenBank (L23501) reported
previously (Woodage et al. 1994) following BLAST
search. In the report by Woodage and colleagues, a
long-range PFGE map of the PWS/AS region was pre-
sented along with a higher resolution map of the
DNA surrounding this CpG island, including ∼3 kb
of DNA sequence. This mapping information is
quite useful, because it positions D15S10 within ∼10
kb of the CpG island. Using a probe within the CpG
island, these investigators detected a transcript of
∼4.5 kb that was expressed with greatest abundance
in skeletal muscle. Hybridization of a 1.5-kb PstI
fragment containing the CpG island detects the
identical transcript identified by a UBE3A cDNA
clone (data not shown). We conclude that the CpG
island in question contains a 58 untranslated exon
of UBE3A and that the transcript detected by Wood-
age et al. (1994) was UBE3A.

Given observations of differential methylation
at the SNRPN 58 CpG island and correlation of
methylation with transcriptional silencing of the
maternal allele, it was of interest to examine the

methylation status of the UBE3A CpG island. Hy-
bridization of the 1.5-kb genomic PstI fragment
spanning the CpG island to Southern blots contain-
ing DNA isolated from peripheral leukocytes of de-
letion PWS or deletion AS patients and controls di-
gested with XbaI in combination with methylation-
sensitive enzymes such as NotI or SacII revealed no
difference (data not shown), indicating the absence
of preferential methylation of either homolog at
this locus.

To address the possibility that UBE3A might be
expressed in a maternal-specific manner in tissues
other than fibroblasts or lymphoblasts, expression
of the mouse gene was assessed in controls and ani-
mals with segmental, paternal UPD for the region
known to contain the Ube3a gene (Cattanach et al.
1997). If Ube3a exhibited maternal-specific expres-
sion, one would expect absence of expression in the
UPD mice compared with controls. Hybridization of
cDNA probes corresponding to coding regions (Fig.
5A) and the 38 UTR (Fig. 5B) to Northern blots con-
taining total RNA from brain, liver, or testis failed to
detect substantially reduced or absent expression in
the UPD animals. Similar results were obtained by
RT–PCR analysis (data not shown). The coding re-
gion probe detected three major transcripts,
whereas hybridization with a 38 UTR probe detected

Figure 2 Detection of the t(14;15) cryptic transloca-
tion breakpoints. An 8-kb EcoRI fragment from cosmid
24 detects a single translocation junction fragment in
EcoRI-digested DNA from the mother but not from the
child, who is unbalanced. Both der(14) and der(15)
breakpoints are seen in the HindIII panel, but the un-
balanced, affected child has only the der(14) and not
the der(15) chromosome, therefore displaying only
one of the two breakpoint fragments seen in the
mother.

Figure 3 Northern analysis of UBE3A gene expres-
sion. Hybridization of UBE3A and control GAP3D cDNA
probes to a Northern filter (Clontech) containing 2 µg
poly(A)+ RNA per lane is shown.
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only the two larger transcripts of ∼4.5 and ∼10 kb.
Given what is known about the size of the UBE3A/
Ube3a coding region, the significance of the smaller
∼1-kb transcript detected by the coding region
probe is unknown but could reflect cross-hybrid-
ization to a related gene; the difference between the
two larger transcripts is also unknown but may re-
flect length variation in the 38 UTR, presumably
from alternate polyadenylation signals.

DISCUSSION

Detection of the t(14;15) breakpoint and localiza-

tion of the 15q deletion breakpoint, which narrow
the AS candidate region substantially, are signifi-
cant for several reasons. A previous report had sug-
gested that the deletion of a region surrounding STS
marker D15S113 was involved in producing the AS
phenotype in a probable intragenic mutant case
(Buxtion et al. 1994). Data had indicated the loss of
an informative maternally inherited allele at this
locus. It was subsequently determined that this pa-
tient was not deleted, and two alleles were detected
at D15S113 (S. Christian and D.H. Ledbetter, un-
publ.). The t(14;15) translocation family provides
the most compelling evidence for a more centro-
meric location for the putative AS gene. The pres-
ence of a maternally inherited der(15) in the unaf-
fected sibling in this family indicates that this chro-
mosome most likely contains the putative AS gene
in the appropriate cis relationship with the IC, to
protect against AS. This is supported further by the
localization of the 15q non-AS deletion breakpoint

Figure 5 Northern analysis of Ube3a gene expres-
sion in mouse tissues from control and paternal UPD
mice using probes corresponding to the coding region
(A) and the 38 UTR region (B). Comparison to the
ethidium bromide-stained gel (not shown) reveals no
significant difference between the control and UPD
animals.

Figure 4 Comparison of peptide sequences for hu-
man and mouse UBE3A. The deduced peptide se-
quence of the mouse cDNA was compared to the pub-
lished human peptide sequence, using the Wisconsin
package; this analysis revealed 94% amino acid iden-
tity between human and mouse for UBE3A.
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just telomeric to the t(14;15) breakpoint. Together
with the Se family AS deletion breakpoint, these two
additional cases provide a well-defined AS candidate
region of ∼250 kb that is represented completely by
cosmid and PAC clones.

Physical mapping within this region indicates
that the entire UBE3A transcriptional unit is posi-
tioned within the narrowed AS candidate region.
Substantial efforts, including exon trapping, cDNA
selection, and genomic sequencing techniques,
were applied toward the identification of genes in
this region, but no unique maternally expressed
transcript has been defined yet. Failure to detect a
novel maternally expressed gene and the continued
status of UBE3A as a positional candidate for AS has
prompted us to reevaluate this gene for involve-
ment in AS.

Because of the concerns that UBE3A might be
subjected to tissue-specific or developmental im-
printing, which could not be assessed by expression
analysis in fibroblasts or lymphoblasts, we chose to
pursue studies in the mouse, which is a more ame-
nable system for addressing these questions. By ana-
lyzing expression in various mouse tissues, particu-
larly brain, the question of tissue-specific imprint-
ing can be examined. The availability of mice with
segmental, paternal UPD for the AS and PWS can-
didate regions to examine expression is quite useful
in testing for maternal-specific expression; however,
Ube3a failed to demonstrate reduced or absent ex-
pression in the UPD samples. It remains possible
that imprinting takes place in a particular subset of
cells within the brain or other tissue or at a particu-
lar time during development. To address the latter,
a polymorphism could be identified for analysis of
allele-specific expression in normal human fetal tis-
sues or strain-specific sequence variations identified
for analysis of F1 mice from reciprocal interspecific
matings. The coat color markers used to identify the
paternal duplication mice also affect eye color,
which allows the identification of UPD mice from
∼12 days gestation.

The localization of UBE3A within a narrowed AS
critical region and identification of de novo trun-
cating mutations in AS cases expected to have in-
tragenic mutations confirms that UBE3A is the AS
gene (Kishino et al. 1997; Matsuura et al. 1997). Is-
sues of how the biology of the UBE3A protein and
the ubiquitin system may relate to the AS pheno-
type have been discussed elsewhere (Matsuura et al.
1997). Given the genetics of AS, there is a strong
argument for the existence of a maternal-specific
product from this locus. Although this putative im-
printed product has not been identified as yet, on-

going studies of the UBE3A gene may provide in-
sights into some possible mechanisms. We and oth-
ers have independently identified additional
upstream exons for UBE3A (Yamamato et al. 1997;
T. Matsuura, J.S. Sutcliffe, and Y.-H. Jiang, unpubl.;
GenBank accession no. X98034–98037). Observa-
tions by Yamamato and colleagues have suggested
that multiple protein isoforms of UBE3A may be en-
coded by this locus and may be related to alterna-
tive splicing at the 58 end of the gene. It is possible
that in addition to tissue or developmental-specific
imprinting, a maternal-specific product from this
locus could involve a particular isoform of UBE3A,
possibly transcribed from an imprinted promoter.
Whereas most of the gene structure of UBE3A, in-
cluding >10 exons, has been determined (Yama-
moto et al. 1997; T. Matsuura, unpubl.; GenBank
accession nos. X98021–X98030), further upstream
exons remain to be characterized. The exon corre-
sponding to the CpG island has been termed exon 0
and has been observed in several cDNA clones.
Given the observations of hypermethylation of the
CpG island on maternal chromosomes at the im-
printed SNRPN locus, it is interesting to speculate
whether the UBE3A CpG island might be differen-
tially methylated in some tissue or at a particular
developmental stage.

In considering the potential significance of
UBE3A transcripts with alternative exon configura-
tions at the 58 end and whether this is related to the
putative maternally expressed product of this locus,
it will be interesting to identify the mutation in the
familial AS case in which two affected siblings dif-
fered in alleles at D15S122 (Greger et al. 1994). This
observation suggests a recombination event be-
tween the marker locus and the disease-causing mu-
tation in this family and that the mutation should
be telomeric to D15S122. Our studies indicate that
this marker maps just centromeric to the CpG island
and exon 0. Although the precise location of
D15S122 relative to all of the 58 exons is not fully
defined, it is clear that this marker maps transcrip-
tionally upstream of exon U1, indicating that the
mutation must affect an exon or exons upstream of
exon U1. It is possible that some AS patients might
have mutations that affect only the putative im-
printed, but not biallelically expressed, UBE3A tran-
script.

Although data presented here provide useful in-
formation concerning expression of Ube3a in adult
mouse tissues, many questions remain concerning
the imprinting of this locus and how mutations in
this gene give rise to AS. Additionally, the physical
mapping data provide a framework for more de-
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tailed physical and transcriptional characterization
of the IC, PWS, and AS candidate regions.

METHODS

Screening of the PAC Library

The human PAC library was screened by two rounds of STS
PCR screening of plate pools, followed by a final hybridiza-
tion of a specific probe to a high-density array containing 384
clones representing four plates. STS primer sequences and
PCR conditions for PW71, SNRPN, PAR-5, PAR-1, UBE3A,
D15S10, and D15S122 have been described previously (Muti-
rangura et al. 1993; Wagstaff et al. 1993; Greger et al. 1994;
Nakao et al. 1994; Sutcliffe et al. 1994). Primers for IPW were
forward (58-ACTCTTCTGGGAGTGAATGTTATC-38, exon 2)
and reverse (58-GCATGTAGTTCACTTAATAGAGG-38, exon
3), corresponding to nucleotide positions 989–1013 and
1576–1554 in the published cDNA sequence (Wevrick et al.
1994). PCR was carried out in 10 mM Tris (pH 8.3), 1.5 mM

MgCl2, 50 mM KCl, 250 µM dNTPs, and 1 µM primers with
cycling conditions of 94°C for 1 min, 58°C for 1 min, and
72°C for 1 min for 35 cycles. Primers for D15S1506 were for-
ward (58-TTGGCAACTCGATGTTCTTG-38) and reverse (58-
TTTTATTTTGAACCAACCACCC-38), with cycling conditions
of 94°C for 0.5 min, 55°C for 0.5 min, and 72°C for 0.5 min for
35 cycles. Southern blot hybridization was carried out in
0.125 M NaPO4 (pH 7.0), 0.25 M NaCl, 1 mM EDTA, 10% poly-
ethylene glycol (PEG-8000), 7% SDS, and 1% BSA at 65°C
overnight, followed by washing to a final stringency of
0.22 SSC/0.1% SDS at 65°C and autoradiography at 180°C.

Analysis of PAC Clones

Multiple PAC clones were obtained for each locus, and DNA
was isolated and purified after banding on a CsCl2 gradient by
standard methods. PAC DNA samples were fingerprinted by
EcoRI digestion and separation on 0.7% agarose gels in Tris-
acetate buffer. STS content was determined by PCR amplifi-
cation using primers for each of the screening loci as de-
scribed above, in addition to other markers in the region, and
confirmed by Southern blot hybridization to specific probes.
Cosmid relationships were determined by hybridization of
whole-cosmid inserts to Southern blot filters containing
EcoRI-restricted PAC DNA using repeat suppression (see be-
low).

Southern Blotting with PAC, Cosmid, and Individual
Fragment Probes

Genomic DNAs from normal individuals, from the mother
and affected daughter in the t(14;15) case, and from the
mother and affected son in the 15q deletion case were di-
gested with EcoRI or HindIII, separated on 0.7%–0.8% agarose
gels, transferred by standard methods to Hybond N+ nylon
membrane (Amersham, Arlington Heights, IL), and hybrid-
ized as described above to specific probes. For methylation
analysis, genomic DNAs from normal, PWS deletion, and AS
deletion patients were digested with XbaI and NotI and blot-
ted as described above. Repeat suppression was used for all
genomic probes and involved incubation of the denatured

32P-labeled probe in a solution containing ∼6 mg/ml of
sheared, denatured, total human placental DNA and 52 SSC
at 65°C for 30–60 min. Southern blots were washed and ex-
posed as described above.

cDNA Library Screening

A mouse neonatal brain l cDNA library (Stratagene cat. no.
937301; La Jolla, CA) was plated, and replica lifts were pre-
pared by standard methods. Approximately 5 2 105 PFU were
screened by hybridization with human cDNA clones contain-
ing different segments of the coding region. Positive phage
were purified, and insert-containing plasmids were isolated
after in vivo excision following manufacturer’s protocols.

DNA Sequencing

cDNA clones were subcloned and sequenced using an ABI
(Applied Biosystems, Foster City, CA) model 377 automated
DNA sequencer using dye terminator chemistry and manu-
facturer’s protocols. Double-stranded sequence was assembled
using the software applications Autoassembler (ABI), and the
mouse and human UBE3A proteins were compared using the
Wisconsin package (Genetics Computer Group; Madison,
WI).

Northern Analysis

Total RNA was isolated from various tissues from UPD mice
and littermate controls following homogenization in Ultra-
spec II (Tel Test; Houston, TX). Total RNA was resolved on a
1.2% agarose gel in 10 mM NaPO4 (pH 6.8) buffer following
glyoxal/DMSO denaturation using standard methods. RNA
was visualized by ethidium bromide staining and transferred
to Hybond N+ membrane. Hybridization and washing condi-
tions were identical to that used for Southern hybridization.

RT–PCR

Single-stranded cDNA was synthesized from total RNA using
Superscript II reverse transcriptase (GIBCO-BRL; Gaithersberg,
MD) primed with oligo(dT) (Promega, Madison, WI). Primers
for PCR amplification of Ube3a were forward (58-
ATATTCCGGAAGTAAAAGGACATTA-38) and reverse (58-
AACAGGCACAGACAGAGCAC-38). PCR conditions were the
same as above with the exception that annealing was at 58°C.
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