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Epigenetic regulation of UBE3A and roles
in human neurodevelopmental disorders

The E3 ubiquitin ligase UBE3A, also known as E6-AP, has a multitude of ascribed
functions and targets relevant to human health and disease. Epigenetic regulation
of the UBE3A gene by parentally imprinted noncoding transcription within human
chromosome 15q11.2-q13.3 is responsible for the maternal-specific effects of
15911.2-q13.3 deletion or duplication disorders. Here, we review the evidence for
diverse and emerging roles for UBE3A in the proteasome, synapse and nucleus in
regulating protein stability and transcription as well as the current mechanistic
understanding of UBE3A imprinting in neurons. Angelman and Dup15q syndromes as
well as experimental models of these neurodevelopmental disorders are highlighted
as improving understanding of UBE3A and its complex regulation for improving

therapeutic strategies.
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The gene encoding E3 ubiquitin ligase protein
3a (UBE3A) is of interest to human geneticists
because of the effect of mutations, deletions
and duplications on the human neurodevel-
opmental disorders Angelman syndrome (AS)
and chromosome 15q11.2—q13.3 duplication
syndrome (Dupl5q syndrome). UBE3A is
also of interest to the field of epigenetics, as
its regulation involves parental imprinting
and noncoding RNAs. Figure 1 diagrams the
cytogenetic alterations leading to the human
disorders affecting UBE3A expression and
copy number and the influence of imprinting
on its expression. Here, we will first review
what is known about UBE3A function and
regulation, discuss the complex epigenetic
mechanisms regulating UBE3A in neurons,
and discuss the phenotypes and experimental
models for both AS (UBE3A deficiency) and
Dupl5q syndrome (UBE3A excess).

UBE3A function & expression
Ubiquitin ligase functions

The ubiquitin proteasome system (UPS)
recycles proteins by transferring the 76 amino

acid Ub to proteins marked for degradation,
activation or relocalization in the cell. Three
types of UPS proteins are involved in the
process of marking substrate proteins: the E1
ubiquitin activating enzymes, which bring
Ub to the E2 ubiquitin conjugating enzymes,
which in concert with the E3 ubiquitin ligase
transfer Ub to the substrate protein. Ub mol-
ecules are then typically elongated producing
poly-Ub chains that are recognized by the
UPS for degradation [1].

The UBE3A gene encodes a member of
the large family of E3 ubiquitin ligase pro-
teins. The UBE3A protein was first described
as ‘EG-associated protein’ (E6-AP) that
helps degrade the cell cycle regulatory pro-
tein p53 2. However, the UBE3A-directed
degradation of p53 only occurs during pap-
illoma virus infection and requires the E6
viral protein [3]. The family of E3 ligase pro-
teins shares a C-terminal domain containing
the active site of the ubiquitin ligase, where
ubiquitin from the E2 conjugation enzyme
is transferred to the substrate (reviewed
in [4,5]). This domain is known as the HECT
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Figure 1. Parent of origin expression patterns of the 15q11.2-q13.3 disorders. The chromosomal abnormalities
leading to copy number changes of UBE3A are diagrammed, with maternal chromosomes in red and paternal
chromosomes in blue and the UBE3A copies represented as yellow bands. Specific genetic subtypes of Prader-Willi
syndrome and Angelman syndrome are indicated. For Prader-Willi syndrome, these include deletion (~75%),
maternal uniparental disomy (~25%) and imprinting defect (~1%). For Angelman syndrome, these include
deletion (~75%), paternal uniparental disomy (~2%), imprinting defect (~2%) and UBE3A mutation (~20%). Due
to parental imprinting, the paternal copy of UBE3A is repressed in postnatal neurons, so the number of expressed
copies of UBE3A is shown for each genetic disorder in the left table.

ID: Imprinting defects; Mat: Maternal; MatUPD: Maternal uniparental disomy; Pat: Paternal.

domain, ‘homologous to E6AP C-terminus’. The crys-
tal structure of UBE3A bound to UbcH7, the associat-
ing E2 conjugation enzyme, shows that both UbcH7
and substrate proteins simultaneously bind to UBE3A
during the process of the transfer of ubiquitin from E2
to the substrate [6]. UBE3A preferentially associates
with UbcH7 E2 conjugation enzyme (7], but can asso-
ciate with other E2 conjugation enzymes like UbcHS,
which may alter specificity of substrate selection [s].
Although UBE3A helps identify substrate proteins, it
only transiently associates with these substrates during
ubiquitin transfer from the E2 conjugation enzyme.

This makes it difficult to identify all UBE3A binding
proteins that lead to UBE3A disease phenotypes.

Nuclear hormone receptor cofactor functions

Another function of UBE3A is as a transcriptional
coactivator. UBE3A coactivates steroid hormone
receptors such as progesterone, estrogen and other hor-
mone receptors [9]. This coactivating function involves

direct binding of the UBE3A protein to the transcrip-
tion complex and is independent of the ubiquitin
ligase function of the protein [10,11]. However, the role
in regulating steroid hormone receptors may involve
ubiquitination during degradation of the functional
initiation complex by the UPS after transcriptional
(9. Target genes coactivated by UBE3A
include estrogen receptor responsive genes 7FFI and
GREBI [12], the androgen receptor responsive KLK3
gene [13], and the E6-dependent transactivation of
human telomerase reverse transcriptase during viral

elongation

infection in human cells [14].

In Drosophila melanogaster, several genes were upreg-
ulated at both the transcript and protein levels by the
overexpression of a ubiquitin ligase defective version of
Drosophila UBE3A (Dube3a) (15). Dube3a transcrip-
tionally upregulates GTP cyclohydrolase I (GCH]I),
encoding a rate limiting dopamine synthesis enzyme,
in a protease-independent manner. The nonubiqui-
tin ligase-dependent upregulation of Dube3a leads to
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elevated dopamine and dopamine precursors as well as
hyperactivity in flies (16]. These effects were decreased,
both neurotransmitter synthesis and activity, in Dube3a
loss of function animals 16]. How transcriptional regu-
lation involving UBE3A relates to the pathogenesis
of UBE3A-related disorders remains unclear [17], but
whole genome expression studies on both AS and 15q
duplication syndrome derived cell lines [18] may shed
some light on the transcriptional regulatory roles of
UBE3A in neurons and other tissues.

Isoforms of UBE3A & subcellular locations
There are at least three different isoforms of UBE3A
with distinct amino termini that result from alterna-
tive splicing of the first eight exons of UBE3A (grey
exons in Figure 1) in humans. The isoform nomencla-
ture is confusing because three UBE3A isoforms have
also been described in mouse, but they have been num-
bered differently and at least one isoform is unique to
either mouse or human (Table 1). In humans, there are
three different protein isoforms with distinct N-ter-
mini, although alternative splicing of the 5" untrans-
lated exons are predicted to result in at least 12 differ-
ent cDNA subtypes, with unknown functional roles
(191 and RefSeq accessions in Table 1). In mice, UBE3A
isoform 1 utilizes an alternative polyadenylation site,
resulting in a transcript truncated prior to the E3 ligase
encoding exons and is localized to cytoplasm. The
N-terminus of the predicted protein of mouse UBE3A
isoform 1 is identical to isoform 3 (equivalent to iso-
form 1 in human), which localizes to the nucleus [19].
Mouse isoform 2 (equivalent to human isoform 3) has
an additional 21 aa at the N-terminus and corrected
the dendritic phenotype in pyramidal neurons [19]. The
two other mouse isoforms (1 and 3) are regulated by
neuronal activity and the MEF2 activity-dependent
transcription factors [20]. Less is known about func-
tional differences between the isoforms in other spe-
cies, but transcripts corresponding to human isoform 3
are found in mouse, pig, rat and rhesus (Table 1).
UBE3A protein localizes in pre- and post- synap-
tic neuronal compartments and in both cytoplasmic
and nuclear locations [23]. This synaptic localization
may primarily regulate experience-dependent synap-
tic plasticity [24], although our understanding of the
diverse roles of ubiquitination and protein recycling
at the synapse is rapidly expanding [25]. The cytosolic
and nuclear locations of UBE3A are consistent with its
predicted roles in proteosome targeting and transcrip-
tional regulation. Interestingly, the nuclear isoform 3
in mouse (isoform 1 in human) was dynamically regu-
lated in early postnatal life and nuclear immunofluo-
rescent staining patterns of UBE3A are predominate in
mature neurons [19], suggesting that alternative splicing
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Data taken from RefSeq [21] and GeneCards [22] databases.

HECT: Homologous to E6AP C-terminus.
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of UBE3A may be important in early life. Alternative
polyadenylation of mouse/rat isoform 1 results in a
noncoding isoform of Ube3a that promoted dendritic
growth and spine maturation by acting as competing
endogenous RNA to miR-134 [2¢].

Known targets of UBE3A

There are many proteins that are potential substrates of
UBE3A based on reported interactions (BioGRID [27]).
Table 2 summarizes a shorter list of UBE3A targets and
interactors that do not depend on E6, were validated
in more than one study and/or are ubiquitinated by
UBE3A.

Most proteins in Table 2 are involved in some aspect
of the ubiquitination or proteasome process, such as
the E2 conjugating enzymes UBE2L3, UBE2DI,
UBE2D2 and UBE2D3 [28], and the UBC protein
involved in direct transfer of ubiquitin form E2 to sub-
strate [30]. UBE3A also self-ubiquitinates in its active
form as an oligomeric complex [31], so is frequently
found as its own target. The Rpn10/PSMD4 26S pro-
teasome non-ATPase regulatory subunit 4 and related
Rpn11/PSMD14 were identified in several interaction
studies [2829] and in Drosophila neuronal cells as a
direct ubiquitination substrate of UBE3A [44]. ATP-q,
an indirect target of Dube3a in Drosophila neuro-
nal cells is an sodium/potassium ATPase involved in
neuronal homeostasis [15]. In humans, PSMD4 is a
non-ATPase subunit of the 26S proteasome complex,
which could profoundly affect many proteins when
regulated by UBE3A in vivo. In vitro, UBE3A pro-
motes the ubiquitination of the 26S proteasome [23].
Studies also suggest a physical interaction between
HERC2 and UBE3A in vivo [28,45] and that HERC2,
itself an E3 ubiquitin ligase, can regulate UBE3A
function in wvitro (33). Thus regulation of the UPS
by UBE3A may have a ripple effect on all proteins
regulated by the 26S proteasome.

Several individual UBE3A substrates have been
lauded as the key protein responsible for the neu-
rological phenotypes associated with changes in
UBE3A levels (Table 2). The AMPA subtype glu-
tamate receptor regulatory protein (ARC), which
is regulated by UBE3A in vivo 20, although not a
valid ubiquitin substrate of UBE3A in vitro, is an
apparent transcriptional target [33]. The heat shock
protein HSPA4 involved in stress response was found
to be a direct target of ubiquitination by UBE3A in
human cells (41]. UBE3A substrates regulated in the
mouse brain by UBE3A include the transcription
factor BMALLI, which transcriptionally regulates cir-
cadian rhythms and diurnally expressed transcripts
in mammals [3¢]. Regulation of BMAL turnover by
UBE3A occurs in the mouse brain and circadian

thythm affected in Ube3a deficient mice [37]. Also of
interest for diurnal metabolism is TSC2 [42], a nega-
tive modulator of mammalian target of rapamycin,
which is encoded by a gene mutated in tuberous scle-
rosis. Based on the finding of UBE3A regulation of
TSC2, rapamycin was successfully used in the Ube3a
m-/p+ mouse model to rescue the motor deficits
and Purkinje cell dendritic branching deficits in the
cerebellum [43].

UBE3A also modulates RinglB ubiquitin ligase,
a component of the polycomb group repressive com-
plex 1 in mice. This E3 ligase monoubiquitinates his-
tone H2A and could substantially impact global gene
expression [32]. Another transcriptional regulatory fac-
tor that interacts with and is degraded by UBE3A is the
nuclear estrogen receptor, ESR2 [35]. Two other sub-
strates that physically interact with UBE3A and appear
to be released from repression in Ube3a deficient mice
are the RhoA guanine nucleotide exchange factors
ECT2 [39] and Ephexin V 38]. These two substrates
support neuronal plasticity in the brain and could
contribute to experience-dependent synaptic defects
found in AS mouse models. In humans, dysregulation
of ECT2 and E5 through loss of UBE3A expression in
neurons could impair memory and learning. Finally,
two other nuclear substrates are the DNA repair pro-
tein HHR23A/RAD23A [40] and the antioxidant
protein peroxiredoxin 1 [34].

UBE3A deficiency in AS

Clinical features of AS

AS is characterized by severe developmental delay
and motor abnormalities including ataxia and jerky
motions [46]. AS is distinguished from other neuro-
developmental disorders by a classic constellation of:
happy demeanor, excitability, frequent smiling and
laughter and absent or minimal use of words [47]. Sei-
zures with a characteristic EEG of notched delta and
rhythmic theta activity and epileptiform discharges are
observed in up to 80% of AS patients, with an onset
of seizures usually beginning before 3 years of age
and lasting through adulthood [48]. Other common
features of AS include hypotonia, feeding problems
in infancy, protruding tongue, abnormal sleep-wake
cycles and the diminished need for sleep, as well as
excessive mouthing/chewing behaviors.

Genetic subtypes of AS & genotype—phenotype
differences

The genetic defects leading to AS share a deficiency in
the maternally expressed copy of UBE3A including:
large deletions, small deletions, mutations or epimu-
tations. Large maternal deletions including UBE3A
are the most frequent (~75%), followed by point

1216

Epigenomics (2015) 7(7)

fsg

future science group



Epigenetic regulation of UBE3A & roles in human neurodevelopmental disorders

Table 2. Protein targets and interactors of UBE3A.

Review

Category Protein Interaction System Subcellular Predicted function Ref.
localization
Proteosome RPN10/PSMD4  Direct Ub Flies/ Cytosol, nucleus  26S proteasome regulation via [28,29]
neuronal deubiquitination
cells
RPN11/PSMD14 Physical In vitro/ Cytosol 26S proteasome regulation via [28,29]
interaction human cells deubiquitination
Ubiquitin UBE2L3 E3-E2 In vitro Cytosol Potential E2 binding partner for [6]
processes interaction binding UBE3A
UBE2D1 E3-E2 In vitro Cytosol Potential E2 binding partner for [28]
interaction binding UBE3A
UBE2D2 E3-E2 In vitro Cytosol Potential E2 binding partner for [28]
interaction binding UBE3A
UBE2D3 E3-E2 In vitro Cytosol Potential E2 binding partner for [28]
interaction binding UBE3A
UBC Direct transfer Flies/mice/ Cytosol Ubiquitin C protein. Transferred [30]
from E2 to cells by UBE3A to substrate
substrate
UBE3A Direct Ub Flies/mice/ Nucleus, cytosol E3 ubiquitin protein ligase, [30,31]
cells transcriptional coactivator
RING1B/RNF2 Direct Ub Human/ Nucleus E3 ubiquitin protein ligase that [32]
mouse mediates monoubiquitination
of histone H2A (H2AK119Ub),
member of PRC1 complex
HERC2 Direct Ub Human cells  Cytoskeleton, E3 ubiquitin protein ligase [33]
cytosol, nucleus,
mitochondrion
Transcription PRX1 Direct Ub Human cells  Nucleus Homeobox transcription factor, [34]
regulation coactivator of growth factor
responses
ESR2 interaction Human cells  Nucleus, Estrogen receptor, nuclear [35]
and mitochondrion, receptor transcription factor
degradation extracellular
BMAL1/CLOCK Direct Ub In vitro/mice Nucleus, cytosol Histone acetyltransferase and [36,37]
transcriptional regulator of
circadian genes
Other Ephexin V Direct Ub Mice Dendrite, cytosol, Rho GTPase [38]
nucleus
ECT2 Direct Ub/may Flies/mice/ Cytoskeleton, Rho GTPase [39]
not degrade  cells cytosol, nucleus
ATP-a Indirect Flies/cells Endoplasmic Na+/K+ ATPase, neuronal [15]
evidence of reticulum, homeostasis
Ub golgi, plasma
membrane,
nucleus
ARC Likely indirect Human cells/ Plasma Activity-dependent synaptic [20,33]
mice membrane, plasticity
endosome,
cytoplasm
ARC: AMPA subtype glutamate receptor regulatory protein; RHEB: Ras homologue enriched in the brain.
fsg future science group www.futuremedicine.com 1217
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Table 2. Protein targets and interactors of UBE3A (cont.).

Category

Other

Protein Interaction System Subcellular Predicted function Ref.
localization
HHR23A Direct Ub Human cells  Nucleus, cytosol, Nucleotide excision repair [40]
mitochonrion through proteasomal ubiquitin-
dependent protein degradation
HSPA4 Direct Ub In vitro/ Cytosol, Heatshock 70kDa chaparon [41]
human cells aggrasomes, stress response, misfolded
perinuclear proteins
compartment
TSC2 Indirect In vitro/ Cytosol, Golgi, GTPase for RHEB, negative [42,43)
evidence of human cells  nucleus, plasma regulator of mTORC1 signaling
Ub membrane
ARC: AMPA subtype glutamate receptor regulatory protein; RHEB: Ras homologue enriched in the brain.

mutations in maternal UBE3A (~20%), paternal uni-
parental disomy (2%) or imprinting defects (3%) [49].
The large deletions typically result from nonallelic
homologous recombination due to repetitive blocks
of low-copy repeats concentrated in the 15q11-q13.3
region. Point mutations in the maternal copy occur
throughout the UBE3A gene (Figure 2). Frameshift
mutations are the most abundant and concentrated
in the HECT domain, but nonsense, missense and
other types of mutations are dispersed throughout the
gene [50,51].

Because of the diversity and low frequency of
UBE3A mutations in AS, genotype—phenotype corre-
lations are only useful in comparing the general genetic
categories of large deletions, UBE3A mutations and
uniparental disomy or imprinting defects (UPD/ID).
AS patients with large deletions show the most severe
and classical features of AS compared with other gen-
otypes. Compared with the UPD or mutation geno-
types, AS patients with class I (BP1-BP3) or class 11
(BP2-BP3) deletions exhibited significantly reduced
receptive and expressive language as well as visual per-
ception [52]. Autism Diagnostic Observation Schedule
scores meeting the criteria for autism spectrum disor-
ders (ASD) were also highest in deletion forms of AS
(92% class 1, 83% class II) compared with the com-
bined mutation/UPD group (56%) (52]. Smaller stud-
ies with mainly deletion patients estimated ASD rates
of 50-80% [53-s5]. Epilepsy is also more common in
AS deletion compared with nondeletion causes [56].
Among patients with large deletions, class I deletions
are associated with more frequent and severe (e.g., sta-
tus epilepticus) seizures than class II deletions [57].
Thus, while UBE3A is the predominant gene causing
AS, additional genes within the 15q11-ql13.3 locus
can modify disease severity.

Among AS patient, categories without large dele-
tions, obesity and hyperphagia are common [58.59].

These classes differ from large deletion AS cases in
having two copies of paternally expressed transcripts
that are normally expressed from only one allele (see
genomic imprinting section below). Obesity and
hyperphagia are more commonly associated with
Prader-Willi syndrome (PWS, paternal deletions of
15q11-q13.3), but occurred in a case of Dupl5q syn-
drome with PWS-like features [60]. These findings
suggest that an imbalance in the ratio of paternal to
maternal transcripts within 15q11-q13.3 can disrupt
metabolic homeostasis.

Imprinting of UBE3A by noncoding RNA

UBE3A is a parentally imprinted gene in which the
paternal allele is selectively silenced in mature neu-
rons. Therefore, it is the loss of maternal expression
of UBE3A in neurons that adversely effects the post-
natal brain, leading to AS. Figure 3 diagrams the par-
ent-specific opposing coding and noncoding tran-
scripts, imprinting marks and neuron-specific events
within the imprinted region of 15q11.2—q13.3. The
promoter of UBE3A is completely unmethylated
and shows an active state on both parental copies in
all tissues (Epigenome Roadmap [61]), unlike most
imprinted genes in which the silent allele is marked
by parental-specific DNA methylation and repres-
sive chromatin marks. Instead, it is the epigenetic
marks on the paternal allele that determine mater-
nal silencing of UBE3A in postnatal neurons. The
maternal allele of UBE3A is silenced by a pater-
nally expressed noncoding antisense transcript
(UBE3A-ATS) (62-65).

The mechanisms involved in the neuronal imprint-
ing of UBE3A are illuminated by the molecular genet-
ics of the oppositely imprinted disorder, PWS. Like AS,
most PWS cases are caused by similar sized deletions
of paternally derived 15q11.2—-q13.3. Other causes
of PWS involve maternal UPD or small deletions
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Figure 2. UBE3A mutations observed in Angelman syndrome. The genetic locations of Angelman syndrome
mutations are mapped relative to the HECT domain encoding E3 ligase function (green bar) and the encoding exons
of UBE3A. Alternatively spliced exons 1-8 are shown in dark grey, consistent exons are in light grey and alternative
exons due to polyadenylation differences are hatched grey. Current numbering of exons was according to [50].

HECT: Homologous to E6AP C-terminus.

encompassing either the PWS imprinting control
region (PWS-ICR) or the SNORDI16 cluster of small
nucleolar RNAs (snoRNAs) [66,67]. The PWS-ICR is
where the major epigenetic differences lie between the
maternal and paternal alleles. On the maternal allele,
PWS-ICR is heavily methylated and marked by the
repressive chromatin mark H3K9me3, but the pater-
nal PWS-ICR is unmethylated and contains the mark
of active promoters, H3K4me3. Therefore, transcrip-
tion initiates exclusively on the paternal allele for the
protein coding gene SNRPN.

However, SNRPN is not the only transcript
expressed from the imprinted PWS-ICR promoter.
In mature postnatal neurons, this paternally initi-
ated transcript progresses through clusters of repeti-
tive snoRNA subunits (SNORDI116 and SNORDI15)
and their intervening spliced host genes (1/6HG and
115HG), ending as an opposite stranded transcript to
UBE3A (UBE3A-ATS) [68-70]. In nonneuronal cell
types, paternal transcription does not progress beyond
SNORDI16 in human or Smprn in mouse, so the
UBE3A-ATS is not made and UBE3A/Ube3a remains
biallelically expressed (Figure 3). In nonneuronal cells
from a small deletion (SNORDI116del) PWS patient,
transcription progressed through to the UBE3A-ATS,
resulting in UBE3A imprinting (71]. In mice and
humans, the SNORDI116/Snord116 locus was dem-
onstrated to encode repetitive R-loop forming repeats
that displace histones, induce chromatin deconden-
sation and slow the transcriptional progression and
monoallelic expression of Ube3a [68]. Transcriptional
interference arising from the paternal transcriptional
progression antisense through the UBE3A gene body is

the current model for how UBE3A becomes imprinted
specifically in neurons.

A subclass of AS patients has ID and lacks DNA
methylation at the PWS-ICR [72]. While some of
these individuals had small overlapping deletions that
defined the AS imprinting control region (AS-ICR),
others lacked the methylated PWS-ICR mark with no
apparent genetic mutation. AS individuals arising from
IVF-derived pregnancies are primarily in the nonmuta-
tion ID class [73.74], suggesting that environmental fac-
tors in the oocyte and early embryo may alter AS-ICR
activity. Early in utero exposure to the plastic-derived
pollutant Bisphenol A altered PWS-ICR methylation
levels, imprinting of Snrpn in placenta and Ube3a lev-
els in placenta and brain [75]. These findings suggest
that both genetic and environmental factors can cause
imprinting defects affecting UBE3A.

Animal models and reproductive tissues suggest
that upstream transcription is the mechanism of AS-
ICR action on the PWS-ICR locus. Multiple upstream
exons of PWS-ICR/ISNRPN are observed in human,
mouse and cow, although the locations and exact
sequences are not well conserved [76-78]. What is con-
served is the transcriptional activity of these upstream
exons in oocytes, but not sperm or other tissues [78].
Therefore, the PWS-ICR is no longer the promoter
CpG island of the oocyte Snrpn transcript, it is instead
within the gene body and becomes methylated. This
post-transcriptional event in oocytes is what in turn
silences the maternal SNRPN/SNORDI116/UBE3A-
ATS transcript in brain to ensure that one copy of
UBE3A remains expressed, an example of long-lived
epigenetic memory.
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Mouse models & human-induced pluripotent
stem cells models of AS
Several mouse models of AS recapitulate some of the
core neurological deficits of AS. The most widely
used AS mouse model is a gene knockout of exon 2
(now exon 8 in Figure 1), resulting in UBE3A protein
deficiency with maternal, but not paternal inheri-
tance (79]. Maternal Ube3a deficiency in this model
results in deficits in contextual learning, dendritic
spine development and experience-dependent con-
textual learning [23,79-80]. Mice engineered without a
functional HECT domain (current exons 10—11) have
similar neurobehavioral and electroencephalographic
abnormalities [81. This Ube3a m-/p+ model also
showed some of the sleep alterations characteristic of
AS, including increased waking and deterioration of
paradoxical sleep [s2].

Mice with a 1.6 Mb deletion from Ube3a to Gabrb3
exhibited impaired learning and abnormities in neo-
natal ultrasonic vocalizations [83]. Both Ube3a m-/p+

knockout and Ube3a-Gabrb3 deletion mice showed

alterations in circadian rhythms and light/dark
entrainment [37]. An even larger mouse deletion includ-
ing the entire syntenic imprinted region occurred in a
transgene insertion line, resulting in the loss of Ube3a
in cerebellum when inherited maternally (84]. Further-
more, two engineered small mutations upstream of
Snrpn exon 1 appear to model the imprinting muta-
tion forms of AS, as maternal inheritance of these dele-
tions resulted in unmethylated PWS-ICR, resulting in
reduced brain levels of UBE3A [ss].

Human induced pluripotent stem cells (iPSCs) were
successfully generated from fibroblasts of two AS and
one PWS large deletion patients and are useful models
of human-specific neuronal phenotypes [86]. AS and
PWS iPSC lines maintained the imprinted methyla-
tion marks of the remaining parental allele following
reprogramming and after neuronal differentiation.
Differentiation of AS iPSCs into neurons resulted an
upregulation of the UBE3A-ATS that corresponded
to a downregulation of UBE3A, and lower levels of
UBE3A compared with control iPSC-derived neurons.

* Unmethylated

Paternal PWS-ICR marks

* Histone H3K4me3
* Histone H3K9ac

RSIOR - SRR |1 1
ORI & NI 0 i1

Oocyte-specific events AS-ICR
e Upstream exon

Meternal PWS-ICR marks|| Neuron-specific events (if SNORD716 present)
* DNA methylation

(AS-ICR) transcription * Histone H3K9me3
¢ Methylation of * MeCP2
PWS-ICR e KAP1/ZFP57
e HP1y

* Paternal transcriptional progression
through UBE3A-AS

¢ Chromatin decondensation from SNRPN
through UBESA

* Maternal-specific expression of UBE3A

Figure 3. Imprinting and neuron-specific epigenetic regulation of UBE3A. The CpG sites of both maternal and
paternal alleles of UBE3A are unmethylated (open circles), resulting in biallelic transcription of the 5’ end of
UBE3A (arrows pointed left, exons represented as vertical bars). However, the Prader-Willi imprinting control
region (PWS-ICR, in blue) is characterized by DNA methylation (closed circles) and repressive chromatin marks
on the maternal allele (pink box) and active chromatin marks on the paternal allele (blue box). The Angelman
imprinting control region (AS-ICR, pink) is characterized by paternal-specific DNA methylation because the
maternal allele is protected from methylation at this region by the oocyte-specific transcription of noncoding
upstream exons that serve to methylate the PWS-ICR on the maternal allele. While paternal expression of the
protein coding gene SNRPN is observed in all tissues, transcriptional progression continues in postnatal neurons
through the repetitive small nucleolar RNA clusters through to the antisense transcript for UBE3A (UBE3A-ATS).
Specifically in neurons, the paternal allele undergoes chromatin decondensation and the maternal allele of UBE3A

is silenced from expression of the UBE3A-ATS.

AS-ICR: Angelman syndrome imprinting control region; PWS-ICR: Prader-Willi syndrome imprinting control

region.
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Therapeutic strategies to reverse paternal
UBE3A silencing

Since individuals with AS have an intact copy of
UBE3A on the paternal allele of 15q11.2—q13.3, the
most attractive molecular strategy to treat AS is to
reverse the paternal silencing of UBE3A in neurons.
A high-throughput screen for drug compounds using
a paternally inherited Ube3a-YFP reporter gene in
mouse primary neurons uncovered several topoisom-
erase inhibitors that reversed the paternal silencing [87).
One of these inhibitors, topotecan, was shown to be
effective at reversing the silencing of Ube3a by reduc-
ing the levels of Ube3a-ATS on the paternal allele [87).
Topotecan acts to inhibit topoisomerase I, which
helps resolve transcriptional progression through the
Ube3a-ATS by removal of R-loops [68] and facilitates
expression of long genes [s8]. Fibroblasts from a PWS
patient lacking the SNORDI16 locus express UBE3-
ATS, unlike controls that lack transcription through
the UBE3A-ATS in nonneuronal cells [71]. Together
these results suggest that topetecan acts directly on the
upstream PWS SNORDI16 locus to reduce transcript
levels of the downstream UBE3A-ATS. The effects of
topotecan are not specific for only the PWS/AS locus,
as topetecan treatment of mouse neurons reduces the
level of multiple synaptic genes, including many that
are implicated in ASD such as Cntnap2, Nrxn3 and
Cntn5 (88.89]. Although topotecan may not be a suitable
therapy for AS because of this lack of specificity, these
studies do establish that a small molecule approach to
the regulation of UBE3A in human neurons would be
plausible.

A more target-specific therapeutic approach to
degrade or truncate the long paternal transcript could
increase paternal Ube3a expression. A mouse line engi-
neered with a poly(A) cassette between Snord115 and
the 3’ end of Ube3a restored paternal Ube3a expres-
sion and ameliorated phenotypic deficits in the AS
mouse model [65]. More relevant for human AS therapy
are antisense oligonucleotides (ASOs) targeted to the
Ube3a-ATS [90). ASOs that target the Ube3a-ATS to a
region just proximal to the 3’ end of Ube3a were most
effective and these only affected transcription down-
stream but not upstream of the ASO-target locations.
So, while the ASOs do not appear to work as predicted
by degrading the entire transcript, they were effective
at reversing paternal Ube3a silencing by reducing tran-
scription of the distal Ube3a-ATS and at reducing the
fear response (measured by contextual freezing) [(90]. In
contrast, no differences were observed in other behav-
ioral measures with ASO treatment, including marble
burying, open field or rotarod tests. Thus, targeting
the paternal transcriptional progression just before

the Ube3a gene body through ASOs or other similar

approaches may be an effective molecular strategy for
AS treatments.

For any strategy of increasing Ube3a expression,
the timing of reintroduction is expected to be criti-
cal. A recent Ube3a Stop/Cre reintroduction mouse
model demonstrated a critical window of embryonic to
3-week postnatal Ube3a expression for rescuing pheno-
typic deficits in marble burying, open field, nest build-
ing and forced swim tests, although motor deficits
could be improved prior to adulthood [91]. Targeting
Are, a downstream target of UBE3A, by a genetic cross
was effective at reducing audiogenic-induced seizures
in young Ube3a deficient mice, but no changes to the
motor deficits or increased ultrasonic vocalizations was
observed [92].

UBE3A duplication in Dup15q syndrome
Genetic subtypes of Dup15qg syndrome

There are two major genetic subtypes of Dupl5q syn-
drome: interstitial and isodicentric duplications involv-
ing the 15q locus (Figure 1) [93]. Both duplications arise
almost exclusively from the maternal chromosome
during oogenesis. While paternal duplications of 15q
exist, most affected patients have interstitial duplica-
tions and their predominant problems are sleep distur-
bances and anxiety disorder [93.94]. Individuals with
supernumerary isodicentric 15q duplication (idic[15])
are tetrasomic for the 15q11.2-ql3.3 region, having
three maternal copies and one paternal copy of the
locus. Interstitial duplications consist of one extra copy
of the 15q11.2—q13.3 region inserted in tandem within
the q arm of maternal chromosome 15. Individuals
with maternal interstitial triplications are tetraploid for
the 15q11.2-q13.3 region. Individuals with more than
two additional copies of 15q11-q13 are rare [95].

Spectrum of clinical features of Dup15q
syndrome
Chromosome 15q11.2—q13 duplication (Dupl5q) syn-
drome shares many characteristics with AS, including
developmental delay, intellectual disability, speech and
language impairment and epilepsy. Hypotonia occurs
in almost all individuals with Dup15q syndrome, and
it can be severe, resulting in difficultly with ambula-
tion, feeding difficulties, joint hyperextensibility and
excessive drooling [96]. The majority of patients with
Dupl5q syndrome walk independently, distinguish-
ing them from AS individuals who often have severe
ataxia. Seizures affect 60% of individuals with Dupl5q
syndrome, and many more have abnormal EEG activ-
ity [94]. Seizures often present as infantile spasms or
other seizure types before age five [97].

Cognitive delays occur in all children with Dupl5q;
intellectual disability is frequently severe to profound
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in idic(15) children. Speech and language delays are
common, with expressive language most severely
impacted. Language is often echolalic with pronoun
reversal [96] and social impairment includes inappro-
priate social interactions, including gaze and contact
avoidance, lack of symbolic play and loss of interest in
peers. Difficult behaviors such as tantrums, shouting
and aggressiveness often occur, as do stereotypies. The
impairments in speech and language, social interac-
tions, as well as behavioral difficulties fulfill diagnostic
criteria for ASD for most children with Dupl5q [94].

The pathogenic role of increased UBE3A levels in
Dupl5q syndrome remains unproven, while the role
of deficient UBE3A levels in AS is established. Inter-
estingly, a recent family was described in which the
proband had developmental delay and a maternally
inherited small (129 kb) duplication encompassing
only UBE3A that segregated with neuropsychiatric
phenotypes across three prior generations [98]. Evi-
dence implicating increased maternal copies of UBE3A
is strongest for ASD phenotypes in patients with large
interstitial duplications. Interstitial duplication of
15q11.2—-q13 inherited from the mother resulted in an
ASD a phenotype in the proband, while the mother
who had an interstitial duplication inherited from her
father, was unaffected [99]. Formal autism assessments
show that maternal, but not paternal duplications
result in ASD [94,100]. Consistent with this hypothesis,
some studies have shown that individuals with PWS
due to maternal UPD (i.e., two copies of the maternal
chromosome) show an increase in autistic symptom-
atology [101]. However, the overlap between phenotypes
in PWS deletion and PWS mUPD patients complicates
the analysis of ASD [102].

Mouse models of Dup15q syndrome

Due to the dependence of the phenotypes of individu-
als on the parent-of-origin of the duplicated alleles in
humans (Figure 1), it is hypothesized that UBE3A con-
tributes significantly to the Dupl5q syndrome; how-
ever, other genes could be involved. Transgenic mice
engineered with a 2x increased UBE3A dosage showed
impaired social behavior and communication, and
increased repetitive behaviors, consistent with a role
for Ube3a dosage in social behavior [103]. Mice with
increased Ube3a dosage also showed reduced gluta-
matergic synaptic transmission, likely due to reduced
presynaptic glutamatergic release. While implicating
UBE3A dosage as the major cause of Dupl5q-related
phenotypes, a potential concern about this mouse
model is that the C-terminal FLAG tag likely rendered
the UBE3A protein ligase deficient [104.105]. Another
hypothesis is that it is the transcriptional coactiva-
tor function of UBE3A that causes the phenotypes.

Also, the mouse phenotype may be caused by a dom-
inant-negative gain-of-function by the FLAG-tagged
UBE3A, since the active form is an oligomer [31].

Taking advantage of the syntenic gene content
between human 15q11-ql3 and mouse chromosome
7C, Nakatanki et al. engineered mice with intersti-
tial chromosomal duplication to model Dupl5q syn-
drome [106]. Mice with a maternally inherited duplica-
tion showed increased levels of Ube3a, as well as the
biallelically expressed genes, Gabrb3, Gabra5, Gabrg3
and Herc2. Inexplicably, mice with a maternally inher-
ited duplication also showed increased mRNA level
from the imprinted and paternally expressed gene Ndn.
These mice showed no significant change in sociability,
ultrasonic vocalizations, anxiety or behavioral inflex-
ibility but did show significantly slower acoustic startle
responses compared with wild-type mice. Conversely,
mice with a paternally inherited duplication, showed
no increase in Ube3a, but expected increases in the
paternally-expressed genes, Ndn and Snrpn, as well as
biallelically expressed genes. The paternal duplication
mice showed decreased sociability, increased ultrasonic
vocalizations, increased anxiety and behavioral inflex-
ibility. In contrast to human cases (Figure 1), maternal
interstitial duplication mice exhibit a subtle sensorimo-
tor phenotype, while the paternal interstitial duplica-
tion mice present with a more pronounced phenotype
consistent with ASD.

Human neuronal models of Dup15q syndrome
Human neuronal models provide another model to
study mechanisms of disease in Dupl5q syndrome.
First, microcell mediated chromosome transfer cop-
ied an entire human maternal chromosome 15 human
into SH-SY5Y neuroblastoma cells that maintained
a maternalepigenotype [107]. SH(15M)-differentiated
neurons exhibited deficits in homologous pairing of
chromosome 15q11-ql3 and transcript levels across
15q11-ql13. Limitations of the SH(15M) model include
that they carry an extra copy of the entire chromosome
15, not just 15q11-q13, and they are of neuroblastomal
origin, so they do not differentiate entirely into mature
neurons.

Human iPSCs were derived from fibroblasts or cord
blood samples from individuals with maternal intersti-
tial duplication, paternal interstitial duplication, and
idic(15) 18]. iPSCs derived from Dupl5q individuals
maintained parental DNA methylation at the PWS-
ICR and differentiated into fully functional, glutama-
tergic forebrain neurons over the course of 10 weeks.
iPSC-derived neurons developed mature action poten-
tials and spontaneous excitatory synaptic activity,
suggesting that this cell culture model can be used to
determine electrophysiological properties and synaptic
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plasticity of Dupl5q neurons. However, iPSC-derived
neurons are only equivalent in age to fetal neurons [108],
and thus may not be reflective of gene expression in
children and adults with Dupl5q.

Finally, human postmortem brain from individu-
als with Dupl5q syndrome provide another source for
research. At least 16 postmortem brains from individu-
als with idic(15) have been studied for amyloid  depo-
sition, gene and protein expression studies involving the
15q region, and genome wide gene expression studies
in comparison to idiopathic autism brains [107,109-110].
Limitations of Dupl5q brain tissue include their lim-
ited availability, variable quality due to postmortem
interval, comorbid disorders, medications and cause of
death, which is often due to epilepsy.

Transcriptional & epigenetic dysregulation in
Dup15qg compared with AS
Gene expression within the 15q region was investi-
gated using the SH(15M) cell model system [107].
The paternally-expressed imprinted genes, NDN
and SNRPN showed reduced expression in SH(15M)
neuronal cells compared with the wild-type parent
SH-SY5Y neuronal cells. The maternally-expressed
imprinted gene, UBE3A, showed similar expression
levels in SH(15M) and wild-type cells. ATPI0A,
which is imprinted in some individuals, was reduced
in the SH(15M) neuronal cells, as were the bial-
lelically-expressed genes, GABRB3 and CHRNA7.
CYFIPI, another gene expressed from both alleles,
was upregulated in the SH(15M) neuronal cells. Since
most of the alterations reduced gene expression, an
investigation of promoter methylation that found no
differences between SH(15M) and wild-type cells,
suggests that either higher-order chromatin interac-
tions or interactions between homologues underlie
the gene expression alterations in these cells. Homolo-
gous pairing of a region near GABRB3 was deficient in
SH(15M) neuronal cells, and employed both MeCP2
and CTCF binding sites within the region. Subse-
quent studies also identified large chromatin loops
within the 15q11-ql13.3 region overlapping MeCP2
binding sites [111], further supporting a role for epi-
genetic regulation in gene expression in this region.
Gene expression in iPSCs and iPSC-derived neurons
was also investigated [18]. In this model system, gene
expression was largely, as expected, based on copy num-
ber for iPSCs. For instance, the biallelically-expressed
genes, TUBGCPI, CYFIPI, NIPAl, GABRB3, HERC2
and CHRNA7 showed approximately twofold upregula-
tion in idic(15) iPSCs compared with normal iPSCs.
UBE3A showed slight upregulation in maternal and
paternal interstitial duplications compared with normal
iPSCs. Unexpectedly, NIPAI showed decreased expres-

sion in the maternal interstitial duplication line. In
iPSC-derived neurons, CYFIPI, HERC2 and CHRNA7
were increased in at least one of the maternal interstitial
duplication lines more than expected by copy number.
mRNA sequencing was used to quantify gene expres-
sion across the genome in iPSC-derived neurons from
idic(15), AS and control samples [18]. Many genes dif-
ferentially expressed in both idic(15) and AS iPSC-
derived neurons were autism candidate genes, and genes
involved in neuronal differentiation were downregu-
lated in neurons from both disorders. Unexpectedly,
genes differentially expressed in both AS and idic(15)
were more often regulated in the same direction, rather
than the opposite direction, suggesting that most of the
differentially expressed genes are not transcriptional tar-
gets of UBE3A, and are likely secondary effects of the
duplication or deletion of 15q11-q13. These data fur-
ther support a role for higher order chromatin structure
in regulating neuronal gene expression.

Gene expression across the chromosome 15q11-q13
region was quantified in postmortem tissue from
idic(15) extrastriate visual cortices [60]. Quantitative
reverse transcription-PCR showed that UBE3A expres-
sion was increased compared with control brain in
most samples, but it was lower than expected based on
copy number. GABRB3 expression was highly variable
among the idic(15) brains, with some brains having
much lower expression compared with controls. The
paternally-expressed SNRPN gene showed reduced
expression in idic(15) brains compared with con-
trol in most samples. Overall, the postmortem brain
expression analyses showed that with the exception of
UBE3A, most genes were not expressed as expected by
parental origin or copy number at this late stage tissue
of the disease progression.

Future perspective

While the genetics of AS is well understood, several
important questions remain: which downstream rtar-
gets of UBE3A are critical to the pathogenesis of AS?;
can human AS therapies be developed that specifically
block the UBE3A-ATS?; can circadian alterations in
AS be targeted for therapies?

Four major questions underlie the genetics of
Dupl5q: which genes in the 15q11-q13 region contrib-
ute to the syndrome?; which specific genes contribute
to specific features?; what is the effect of their increased
dosage on the rest of the genome?; what are the epi-
static effects of other genes on those in the 15q11-q13
region?

The observation of Dup15q syndrome in individuals
with maternally but not paternally inherited duplica-
tions of chromosome 15q11-q13, suggest that UBE3A
drives the ASD phenotype in this disorder [94]. The
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phenotypes associated with paternal 15q11-q13 dupli-
cations are therefore likely to be caused by genes other
than UBE3A. Furthermore, a mouse model suggests
that Ube3a plays a major role in the autism pheno-
type associated with Dup15q [103]. Secondly, a 15q12.2
duplication spanning only UBE3A was associated with
a neuropsychiatric phenotype only when maternally
inherited [98]. The influence of increased UBE3A on
the expression of other synaptic genes throughout the
genome remains an important area for future research.

It will be critical to identify the protein targets of
UBE3A essential for the molecular pathogenesis of
both Dupl5q and AS. The direct binding of HERC2 to
UBE3A both 77 vitro and in vive provides compelling evi-
dence that this interaction is indeed regulatory, although
perhaps not through the ubiquitin ligase function of
HERC?2 [33]. Notably, mutations in HERC2 can cause
an Angelman-like syndrome in humans [112], suggesting
that the regulation of UBE3A by HERC2 is involved
in at least some aspects of the syndrome. Furthermore,
elucidation of the role of nuclear and transcriptional tar-
gets of UBE3A will be needed to comprehend largescale
transcriptional deficits in Dupl5q syndrome.

Abetter understanding of the projected role for UBE3A
in circadian rhythms may help improve treatments for

the sleep and cognitive deficits in both AS and Dupl5q
syndrome. Interestingly, the paternal noncoding 1/16HG
transcript also plays a role in dampening transcription
of diurnally regulated genes that are activated by BMAL
in the mouse cortex [69]. Together the circadian findings
in both AS and PWS suggest that the maternally and
paternally derived gene products may have counteracting
feedback loops regulating circadian metabolic cycles that
should be explored in future studies.
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Executive summary

neurodevelopment.

but partially overlapping clinical features.

e UBE3A is an E3 ubiquitin ligase and many of its protein targets are part of the ubiquitin proteasome system
with widespread effects on protein levels throughout the cell and at the neuronal synapse.

e Another role for UBE3A in transcriptional regulation of nuclear steroid hormone receptors may contribute to
the UBE3A-associated phenotypes in humans and mouse models.

e UBE3A is an abundant protein in cytosolic and nuclear compartments and at both the pre- and post-
synaptic locations, and thus may play a diverse role in multiple cellular and transcriptional events in

e The epigenetic influences on UBE3A levels in neurons are complex, involving parental imprinting patterns
inherited from oocytes and noncoding RNAs specific to neurons.
e Angelman and Dup15q syndromes are disorders of maternal UBE3A deficiency or overexpression with distinct
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