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UBE3A/E6-AP mutations cause Angelman syndrome

Tatsuya Kishino!, Marc Lalande'? & Joseph Wagstaff!

Angelman syndrome (AS), characterized by mental retardation,
seizures, frequent smiling and laughter, and abnormal gait, is
one of the best examples of human disease in which genetic
imprinting plays a role. In about 70% of cases, AS is caused by
de novo maternal deletions at 15q11-q13 (ref. 2).
Approximately 2% of AS cases are caused by paternal
uniparental disomy (UPD) of chromosome 15 (ref. 3) and 2-3%
are caused by ‘imprinting mutations'4. In the remaining 25% of
AS cases, no deletion, uniparental disomy (UPD), or
methylation abnormality is detectable, and these cases, unlike
deletions or UPD, can be familial>-7. These cases are likely to
result from mutations in a gene that is expressed either
exclusively or preferentially from the maternal chromosome 15.
We have found that a 15q inversion inherited by an AS child
from her normal mother disrupts the 5' end of the UBE3A (E6-
AP) gene, the product of which functions in protein
ubiquitination6, We have looked for novel UBE3A mutations in
nondeletion/non-UPD/non-imprinting mutation (NDUI) AS
patients and have found one patient who is heterozygous for a
5-bp de novo tandem duplication. We have also found in two
brothers a heterozygous mutation, an A to G transition that
creates a new 3’ splice junction 7 bp upstream from the normal
splice junction. Both mutations are predicted to cause a
frameshift and premature termination of translation. Our
results demonstrate that UBE3A mutations are one cause of AS
and indicate a possible abnormality in ubiquitin-mediated
protein degradation during brain development in this disease.

No AS candidate gene has been described previously that either
has a mutation in nondeletion/non-UPD/non-imprinting muta-
tion (NDUT) AS or that is expressed solely from the maternal chro-
mosome 15. By contrast, five genes have been identified that are
active exclusively on paternal 15q11—q13 and may play a role in
the pathogenesis of Prader-Willi syndrome®-!1. Previous mapping
of the postulated AS gene by analysis of unbalanced chromosome
rearrangements and by analysis of linkage in familial AS cases has
established that it lies proximal to pTD3-21 (D15510)!12 and that in
one pair of NDUI AS siblings the mutation responsible for AS lies
distal to locus D155122 (ref. 13).

The P1 clone 198 spans the 15q11—q13 breakpoint of a balanced
paracentric inversion that has been transmitted from a normal
mother to her AS daughter (V. Greger et al. manuscript submit-
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ted). It contains locus D15510, recently reported to be the telom-
eric boundary of the AS critical region'2. We reasoned that this
inversion may inactivate a maternally active gene at the break-
point, and that lack of a functional maternal allele may lead to AS.
We isolated 4 exons by exon trapping of P1 clone 198, ranging in
size from 64 to 128 bp and located centromeric to the inversion
breakpoint. None of these showed homology to sequences in the
GenBank database. One 120-bp exon, designated exon 4 (Fig. 1),
did show 97% identity with a mouse expressed sequence tag (EST),
W14234. A GenBank search with this mouse EST revealed that
the region of homology to exon 4 was flanked by 43 bp that
showed 90% identity to the human UBE3A gene and by 81 bp that
showed 70% identity to the human genomic sequence OP2 (Gen-
bank Accession No. 123501)'4, which contains a CpG island. OQur
mapping of these sequence elements {exon 4, UBE3A, and OP2)
indicates that they are located centromeric to pTD3-21 and that
OP2 lies telomeric to D155122, within the previously defined crit-
ical region (Fig. 1). The position of UBE3A, proximal to pTD3-
21, is consistent with STS analysis of YACs from the region'”. Exon
4 and UBE3A are located centromeric to the inversion breakpoint
and OP2 is located telomeric to the breakpoint, indicating that
the human homologue of the gene from which the mouse EST is
derived should be disrupted by the inversion.

To confirm this, we isolated UBE3A cDNAs from a human fetal
brain library. The two longest cDNAs, ¢7-3 and ¢10, contain the
entire published UBE3A sequence'® as well as exons 3, 4 and 5 in
the 5' untranslated region (Fig. 2). ¢7-3 and ¢10 contain 52 bp and
60 bp, respectively, from OP2, confirming that the human UBE3A
gene contains sequences from OP2 and therefore spans the inver-
sion breakpoint. The genomic organization of UBE3A4, including
the novel 5' exons, is shown in Fig. 1.

Northern blot analysis using probes from: UBE3A gave results
consistent with previous reports, indicating that an mRNA species
of approximately 5 kb!>16 is widely expressed. Fetal brain showed
high levels of expression, with mRNA sizes of approximately 6 and
8 kb (data not shown).

In order to determine whether any NDUI AS patients might
have sequence alterations in UBE3A that could lead to the AS phe-
notype, we performed SSCP on genomic DNA from 22 NDUI AS
patients. Among these, 13 were from nonfamilial cases and 9 were
from 5 AS families. SSCP analysis with primers flanking exon 16
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Fig. 1 Map of UBE3A exons and the inversion breakpoint. The map is based on restriction maps of phage subclones from P1 clone 198 and a second partially
overlapping P1 clone, as well as clones from a human genomic phage library. P1 clone 198 was oriented with respect to the centromere by FISH with a D15570
probe, which showed that the inversion breakpoint is between the centromere and D15510 (V. Greger et al., manuscript submitted). OP2 is a genomic clone®
that contains the 5' end of UBE3A ¢DNA clones ¢7-3 and c10, referred to here as exon 1. Exons 2,3, 4 and 5 were isolated by exon trapping. Exon 6 was identified
by ¢cDNA sequencing. Exon 7 contains the 5' end of the published UBE3A cDNA sequence 8. The size of the filled rectangles is not proportional to exon size.
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showed that one patient,

in premature termination of

WB141, was heterozygous for 51 SoaAaaeY ;C;:CGACC: gz‘é;‘;i‘éi‘é‘é z‘;‘éifrgﬁi‘é ‘;ﬁigﬁggﬁi translation in one sporadic and
GGCGACGACA AARAA -
an abnormal!y large band that 101 CTCCTCAGAA GTTTGGCGAA ATATGAGTTA TTAAGCCTAC GeTcagarca | ON€ familial AS case, together
was absent in both parents. 151 AGGTAGCAGC TAGACTGGTG TGACAACCTG TTTTTAATCA GTGACTCARA | with mapping of an AS bal-
Sequence analysis revealed the 201 GCTGTGATCA CCCTGATGTC ACCGAATGGC CACAGCTIGT AAAAGAGAGT | anced inversion breakpoint
mutation to be a de 70vo 5-b 251 TACAGTGGAG GTAAAAGGAG TGGCTTGCAG GATGGAGAAG CTGCACCAGT ithin the 5' . £ th
u ¢ aae ’ P 301 CTTATTGGAA GTGAGCCACC ATTTGAATTT GCTAGCTCAT GCTGCagrar | WiHILI The oo Teglon o €
tandem duplication (Fig. 3), 351 TCAGATTATG CCAGCAGGTT TATTTTTTGT Trrceaacce acercreccer | UBE3A gene, indicates that
predicting premature termina- 401 CCTTACAGTA TGACATCTGA TGCTGGAGGG TCGCACTTTC AAAAATGAGT UBE3A mutations are one cause
. . 451 CAGCTGGTAC ATGGGGTTAT CATCAATTTT TAGCTCTTCT GTCTGGGAGA .
tion of Fhe UBES“} protein al_lc} 501 TACAAGTTTG GAAGCAATCT TGGGGTACTT ACCCACAAGG CTGGTGGAGA O_fAS' Mappmg of the AS muta-
disruption of the ‘hect domain 551 CCAGATCAGE AGAACCTCAG TCTGACGACA TTGARGCTAG cccAArcaac | tion distal to D155122 (ref. 13)

that is conserved in a variety of
putative ubiquitin protein ligas-
es from yeast to human!”. This
mutation was not observed in
100 control individuals. It
occurs 50 bp proximal to the
imperfect pentanucleotide
repeat TAAAA(CAAAA);
TAAAACAAAA in the 3
untranslated region of the

Fig. 2 Sequence of the 5' ends of UBE3A ¢cDNAs c7-3 and ¢10. The 5' ends of
these cDNA fragments are identical with two exceptions: ¢10 contains 60 bp
from OP2 whereas ¢7-3 contains only 53 bp from OP2, and ¢10 contains
only 65 bp from exon S as a result of a splice site within this exon. Nts 1-61
{red): exon 1 (OP2 sequence nuclectides 2340-2399); nts 62-125: exon 3; nts
126-245: exon 4; nts 246-358: exon 5; nts 359-554: exon 6; nts 555-596:
exon 7; nts 597-: exon 8. Sequence corresponding to the 5' end of the pub-
lished UBE3A cDNA'® is shown in blue. The OP2 sequence, Genbank Acces-
sion No. L23501, lacks a G between positions 2384 and 2385 that would be
predicted from the sequence of both ¢DNA clones. The presence of this G
has been confirmed by sequencing genomic clones of this region.

in two siblings would suggest
that this mutation is in exon 1,
the promoter or the 5' regulato-
ry sequences of UBE3A.

The AS gene is predicted to
be expressed either exclusively
or preferentially from the
maternal allele, because pater-
nal transmission of inferred AS
gene mutations has no pheno-

UBE3A gene. Slipped mispair-
ing of this repeat during replication is a possible explanation for
this type of mutation'®.

SSCP analysis of products derived from two NDUI AS broth-
ers (WJK14 and WJK15; refs. 19,20) with primers flanking exon 10
showed an abnormal band that was also present in their normal
mother but not in their father. Sequence analysis showed that the
brothers are heterozygous for an A to G transition at position -8
of the 3' splice junction. The mutation creates a new consensus
splice site and generates a Tsp45l restriction site (Fig. 4). Utilization
of the newly created splice junction, 7 bp upstream from the nor-
mal junction, would lead to a frameshift and to premature termi-
nation of translation. This mutation was not present in 100 normal
control individuals, The normal phenotype of the mother is pre-
sumably a consequence of paternal inheritance of the mutation.

Our identification of UBE3A mutations that presurnably result

AAAAACTTAAAG AGAGA

b AAAAACTTAACTTAAAGAGAGA
L 1 ]

typic effect in the offspring™’.
Nakao et al.!®> showed that UBE3A is expressed in lymphoblasts
and fibroblasts in patients with PWS and AS deletions. Therefore,
its expression is clearly not exclusively from the maternal allele.
However, there are a large and growing number of examples of
genes for which imprinted expression is either tissue-specific?!-?2,
specific to developmental stage?>?*, species-specific®®?’, promoter-
specific?®, or partial?®. Detailed characterization of the imprint-
ing pattern of UBE3A in specific tissues at different developmental
stages will require identification of nucleotide sequence poly-
morphisms to allow analysis of allele-specific expression.

The product of the UBE3A gene was initially identified as a pro-
tein that forms a complex with the E6 protein of certain human
papillomaviruses (HPVs); hence its original name is the E6-asso-
ciated protein (E6-AP)!6, This E6-AP/E6 complex inactivates the
p53 tumor-suppressor protein. E6-AP/UBE3A is a member of a

Normal:

ACTTCCGGAA TACTCAAGCA AAGAAAAACT TAAAGAGAGA TTGTTGAAGG
L EE Y 8 8 K EKU1L KER L L K )

CCATCACGTA TGCCAAAGGA TTTGGCATGC TGTAAAACAA AACAAAACAA
I TY AKG FE G ML

AATAAAACAR AAAAAAGGAA

Mutant:

ACTTCCGGAA TACTCAAGCA AAGAAAAACT TAACTTAAAG AGAGATTGTT
L P E X 8 8 K E KL NLIX RDC

GAAGGCCATC ACGTATGCCA AAGGATTTGG CATGCTGTAA AACARAACAA

AACAAAATAA AACAAAAAAA

Fig. 3 Sequence of normal UBE3A exon 16 and a mutant exon 16 with a 5-bp tandem duplication. a, Chromatogram of sequence from clone of normal allele.
b, Chromatogram of sequence from clone of mutant allele. ¢, Sequence of normal and mutant alleles. Sequence of normal allele is the same as that beginning
with nucleotide 2514 in a previous study'6. Amino acid residues identical in at least 10 of 11 hect domain proteins are underlined. The 5-bp tandem duplica-
tion of CTTAA is shown in boldface. The duplication is predicted to lead to premature termination of the UBE3A protein.
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Fig. 4. UBE3A mutation in AS brothers WJK14 and
WIK15 and their mother. a, Tsp45] restriction enzyme
analysis of exon 10 PCR products from patients and their
parents. The AS brothers and their mother are heterozy-
gous for an A to G transition that creates the new restric-
tion enzyme site. b, Chromatogram of sequence from
clone of mutant allele. ¢, Sequence of normal and
mutant alleles. Intron sequence is shown in lower case,
exon in upper case. Mutant nucleotide is underlined. The
A to G transition creates a new 3' splice junction, which is
predicted to shift the splice site 7 bp upstream, leading to
frameshift and premature termination.

subset of CNS neurons and in development of
the visual system. The normal role of UBE3A in
human brain development may involve ubiqui-
tin-mediated destruction of specific proteins.
Alternatively, a role for ubiquitin-mediated pro-
teolysis in the generation of active proteins from
inactive precursors has been found, for exam-
ple in the case of the transcription factor NF-
kB 32, The fact that almost all phenotypic
abnormalities in AS can be attributed to abnor-
mal brain development and function probably
is a reflection of tissue-specific imprinting of
UBE3A. The relevant substrates of UBE3A in
developing brain are not known; UBE3A sub-
strates other than p53 have not been identified

C Normal:

L E M

A DL KKOGQUL Y VE F E @G

Mutant:

8 L A RD DR Y @

C R LE EAV VCG6 I .

atgtttatet tttcaatcac tagCTAGAGA TGATCGCTAT GGAAAATCCT

I A M E

GCAGACTTGA AGAAGCAGTT GTATGTGGAA TTTGAAGGAG AACAAGGAGT

E Q G V

atgtttatct tttcagTCAC TAGCTAGAGA TGATCGCTAT GGAAAATCCT

GCAGACTTGA AGAAGCAGTT GTATGTGGAA TTTGAAGGAG AACAAGGAGT

as yet, and there is no published evidence for
UBE3A-mediated degradation of p53 in non-
HPV infected cells.

In summary, we have found that an inversion
that causes AS when transmitted maternally dis-
rupts the UBE3A gene, and we have found two
mutations in NDUI AS patients that are predict-
ed to eliminate UBE3A function. These results
indicate that mutations in UBE3A are one cause
of AS, and suggest that a process of ubiquitin-
mediated proteolysis obligatory for normal brain
development is disrupted in AS.

Methods

Exon trapping. Exon trapping using BamHI-Bglll
double-digested DNA from P1 clone 198 (Genome
Systems, Inc. clone no. 551F) was performed using the
Exon Trapping System (Gibco/BRL) with vector pSPL3
(ref. 33). Exons isolated from this clone were
sequenced on an ABI automated DNA sequencer.

K 8

Mapping of exons. Phage libraries were constructed

class of functionally related E3 ubiquitin-protein ligases defined
by a ‘hect (homologous to the E6-AP carboxyl terminus)
domain’'7 and thought to play a role in defining substrate speci-
ficity of the ubiquitin system. However, more recent evidence has
indicated that ubiquitin is transferred from E1 to a specific E2 to
UBE3A, which then transfers ubiquitin directly to specific sub-
strates’0, Therefore, UBE3A probably plays two roles: one in catal-
ysis and one in recognition. A UBE3A mutant protein lacking the
last 6 amino acids is completely deficient in its capacity to
ubiquinate p53 (ref. 17). The de novo tandem duplication that we
have described in an AS patient results in a predicted mutant pro-
tein that lacks the last 17 amino acids, and should therefore rep-
resent a null allele.

Previous evidence of a role for ubiquitin-mediated proteolysis
during CNS development has come from the identification of
the Drosophila bendless gene product as an E2 ubiquitin-conju-
gating protein®!. The phenotype of bendless indicates a role for
this protein in the alteration of synaptic connectivity among a

72

from P1 clone 198 and a partially overlapping P1 clone
in vector AFIXII (Stratagene). A genomic phage contig covering the
UBE3A gene was constructed using these libraries and a human genomic
phage library. Exons and D155122 were mapped by PCR and by hybridiza-
tion to restriction digests of these phage clones.

¢DNA library screening. A normal human fetal brain cDNA library in vec-
tor AZAPII (Stratagene) was screened with a probe made by PCR amplifi-
cation of human genomic DNA with the EST primers for UBE3A
described by Nakao et al.l°,

SSCP analysis. PCR amplification of exon 16 of UBE3A was carried out
with flanking primers E6Z-A (5'-ACCATGACTTACAGTTTTCCT-3')
and E6Z-B (5'-TGGGACACTATCACCACCAA-3"), which generate a 277-
bp product in normal human DNA. Exon 10 was amplified with intron
primers E6-10A (5-GCAATCATCTTCTTTTCATGTT-3") and E6-10B
(5'-CGACACCATAATCACATTAC-3"), which generate a 217-bp product.
Exon 10 contains nucleotides 1588-1732 of the published cDNA
sequence!®. PCR conditions were as follows: 94 °C for 3 min, followed by
30 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, followed by
a cycle with a 5 min extension at 72 °C. PCR products were labelled by
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incorporation of ¢-32P dCTP. Exon 16 PCR products were cleaved with
Hpall. Products were separated on 0.5x MDE gels (A-T Biochemical) with
or without 5% glycerol added and were visualized by autoradiography.
PCR products from patient DNA were cloned into the pCRII TA vector
(Invitrogen) and were sequenced on an ABI 373A automated DNA
sequencer.

Restriction enzyme analysis. Exon 10 PCR products from WJK14, 15, 16
and 17 were digested with Tsp45! (New England Biolabs) according to
manufacturer’s recommendations and were separated on a 2% agarose
gel.
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