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Abstract: The ubiquitin-protein ligase E3A (UBE3A, aka E6-AP), an E3 ligase belonging
to the HECT family, plays crucial roles in the stability of various proteins through the
proteasomal degradation system. Abnormal UBE3A activity is essential for the initiation
and progression of several cancers. A gain of function and an overdosage of maternal
UBE3A is associated with an increased risk of autism spectrum disorders. Conversely, a
loss of function due to mutations, deletions, paternal duplications, or imprinting defects
in neurons leads to Angelman syndrome. Emerging evidence suggests that abnormal
UBE3A activity may also contribute to the development of various brain disorders, includ-
ing schizophrenia, Huntington’s disease, Parkinson’s disease, and Alzheimer’s disease,
making UBE3A a protein of significant interest. However, research on UBE3A’s functions
in the brain has primarily focused on neurons due to the imprinting of UBE3A in ma-
ture neuronal cells, while being obscured in glia. This review outlines the expression of
UBE3A in neurons and glial cells based on published studies, highlights newly identified
patterns of UBE3A, such as its secretion, and emphasizes the involvement of UBE3A in
neurodegenerative diseases. Furthermore, we summarize glial UBE3A and propose a
model of bi-directional interactions between the neurons and glia mediated by UBE3A that
underlies brain functions. Insights gained from this research could provide new avenues
for therapeutic interventions targeting various brain disorders.

Keywords: UBE3A; autism spectrum; Angelman syndrome; brain disorders; neuron–glia
interactions; neurodegeneration

1. Introduction
The ubiquitin-protein ligase E3A, UBE3A (aka. E6-AP), is an E3 ligase of the HECT

family. It is essential for the stability of various proteins through the proteasomal degrada-
tion system (readers interested in the proteasomal degradation system can refer to recent
reviews [1,2]). It interacts with the E6 protein expressed by infected human papillomavirus
(HPV) underlying the initiation and progression of several cancers [3,4]. In normal situa-
tions, especially during brain development, UBE3A expression must be tightly controlled.
Located on the chromosome region 15q11-13, UBE3A is maternally expressed in mature
neurons while being biallelically expressed in other cells [5–8]. Therefore, it has become
more attractive to understand UBE3A in neurons, specifically the maternal UBE3A expres-
sion, paternal imprinting mechanisms, and cellular and molecular functions of neuronal
UBE3A. It has been well studied that the gain of function and overdosage, especially
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duplication, of maternal UBE3A, causes penetrance of the autism spectrum (Dup15q specif-
ically). Loss of function due to mutations, deletions, paternal duplications, or imprinting
defects in neurons leads to another neurodevelopmental disorder: Angelman syndrome
[OMIM #105830] [9]. Potential pathological mutations of UBE3A could be found in Uniprot
(https://www.uniprot.org/uniprotkb/Q05086/variant-viewer, accessed on 31 August
2024) and ClinVar at NCBI (https://www.ncbi.nlm.nih.gov/clinvar?term=601623[MIM], ac-
cessed on 31 August 2024). Currently, there are no available therapies for Dup15q syndrome
and Angelman syndrome, and there is an urgent need to develop effective therapeutics.
Interestingly, Dup15q syndrome and Angelman syndrome often share common symptoms
and deficits, including seizures, sleep problems, and cognitive impairments. These may
indicate that they involve the same or similar neuronal circuits, signaling pathways, or
molecular mechanisms. Since UBE3A is imprinted in mature mammalian CNS neurons,
past research on UBE3A has been largely restricted to neurons. Recent breakthroughs have
provided significant insight into UBE3A functions and potential interventions, such as the
findings on the effects of the UBE3A antisense oligonucleotide(Ube3a-ASO) [9,10], paternal
UBE3A unsilencer [11–13], and UBE3A activators [14,15]. However, the exact mechanisms
whereby alternations of UBE3A expression and protein structures result in widespread
brain anomalies remain largely unclear.

Strikingly, growing evidence supporting aberrant UBE3A activity [16] would contribute
to the manifestations of an array of additional neurological disorders including schizophre-
nia [17], Huntington’s [18,19], Parkinson’s [20], and Alzheimer’s diseases [21–23], making
UBE3A a protein of high research and clinical interest. Therefore, thoroughly exploring UBE3A
functions is crucial for developing therapeutic interventions for neuropsychiatric diseases. It is
becoming increasingly clear that UBE3A plays a significant role in various signaling pathways
related to cognitive functions. Additionally, recent findings highlight the important contribu-
tions of glial cells to what were previously considered neuronal defects in neuropsychiatric
disorders, prompting us to re-evaluate our understanding of UBE3A-related brain disorders.
Activating paternal UBE3A for treating Angelman syndrome and manipulating UBE3A activ-
ity in conditions like Dup15q and neurodegenerative diseases are promising and worthwhile.
However, many neurodevelopmental disorders, such as Angelman syndrome, have a critical
window [24,25] that may limit the effectiveness of therapeutics like UBE3A reinstatement
in adults, where neuronal circuits are already established and compromised [9–13,24–27].
Therefore, conducting foundational studies on UBE3A biology during neurodevelopment
is crucial to enhance our prospects of discovering a cure for patients. This review discusses
UBE3A expression in neurons and glial cells and highlights the newly identified properties of
UBE3A, including its secretion and the involvement of UBE3A in neurodegenerative diseases
such as Alzheimer’s disease (AD) and Huntington’s disease (HD). It emphasizes the largely
unexplored roles of UBE3A in the brain glial cells and proposes potential future research
directions. Insights gained from studying neuron–glia interactions involving UBE3A may
provide new opportunities for therapeutic interventions in various brain disorders.

2. UBE3A Expression
UBE3A is ubiquitously expressed in the brain [28]. From the available RNA se-

quencing database (https://brainrnaseq.org/; https://www.proteinatlas.org/ENSG0
0000114062-UBE3A/single+cell+type, accessed on 31 August 2024), it is evident that
UBEEA is highly expressed in neurons (Figure 1A–C), which was confirmed by the
immunofluorescent staining of human [29], monkey [29], and rodent [29] brain sam-
ples. However, different glia (astrocytes, oligodendrocytes, and microglia) also ex-
pressed 10–50% of UBE3A mRNA (Figure 1A–C). The aging plasma proteome database
(https://twc-stanford.shinyapps.io/aging_plasma_proteome_v2/, accessed on 31 August

https://www.uniprot.org/uniprotkb/Q05086/variant-viewer
https://www.ncbi.nlm.nih.gov/clinvar?term=601623[MIM]
https://brainrnaseq.org/
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2024) indicated that UBE3A expression significantly decreases with aging (Figure 1D,E). It
was confirmed in aging mice [19], cats, and monkeys, and human samples [30]. The decline
of UBE3A with aging highlights its regulation of protein ubiquitination and degradation
and potential involvement in aging-related neurodegeneration (discussed later). However,
the roles of UBE3A isoforms in neurons and glial cells are still not fully understood. Tradi-
tionally, three isoforms of UBE3A proteins have been validated, with their expression being
developmentally regulated. However, it has been suggested that approximately 50 UBE3A
mRNA transcripts are generated through alternative splicing (Figure 2). It remains largely
unknown which transcripts are expressed and when they are translated in the neurons
and glial cells separately. Understanding this variability could improve our knowledge of
UBE3A and aid in developing therapeutics. For instance, the specific deletion of UBE3A in
the nucleus [31] has been shown to replicate the characteristics of traditional UBE3A null
animals, reflecting the seizure and learning deficits observed in patients with Angelman
syndrome. It may suggest that isoform and its transcriptional regulation are more critical
for controlling seizures. The non-coding sequence of one UBE3A transcript regulates neu-
ronal spine morphology and maturation through microRNA [32], implying an early-stage
regulation of neuronal morphology and probably circuit formation. Therefore, UBE3A
expression is developmental stage-, coding-, and non-coding-dependent, which may fur-
ther challenge gene therapy in adult patients. Currently, there is no clear conclusion about
which isoform(s) of UBE3A is un-silenced through the small molecules [11,13], ASO [9,10],
and CRISPR techniques [27]. Developing a simple mechanism of UBE3A-dependent brain
development is far more complicated.
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Figure 1. UBE3A expression in brain cells and along with human aging. (A) Summarized neuronal
and glial UBE3A RNA expression from the human brain shown in transcripts per million (nTPM).
Data were extracted from Protein Atlas https://www.proteinatlas.org/ENSG00000114062-UBE3A/
single+cell+type, accessed on 31 August 2024. (B,C) Graphed comparisons of UBE3A expression
(fragments per kilobase of transcript per million mapped reads, FPKM) from neurons and glia
from human (B) and rodent brains (C). Data were collected [33,34] from https://brainrnaseq.org/
Zhang et al., 2014 and 2016. (D) Dynamic UBE3A expression throughout entire development and
adulthood in the cerebellar cortex (CBC), mediodorsal nucleus of the thalamus (MD), striatum (STR),
amygdala (AMY), hippocampus (HIP), and 11 areas of the neocortex (NCX). Obtained from the
human brain transcriptome https://hbatlas.org/pages/hbtd, accessed on 16 Feb 2025. (E) The plot
shows the detection of the UBE3A protein in plasma samples across different human age groups.
(E) was obtained from https://twc-stanford.shinyapps.io/aging_plasma_proteome_v2/, accessed
on 31 August 2024.
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Around 50 transcript candidates of ubiquitin-protein ligase E3A [Homo sapiens (hu-
man)] were proposed and graphed from NCBI within the chromosome 15q11.2, assembly
GRCh38.p14 at location NC_000015.10. https://www.ncbi.nlm.nih.gov/gene?Db=gene&
Cmd=DetailsSearch&Term=7337, accessed on 31 August 2024.

3. The Activity-Dependent UBE3A Expression in Neurons
Proper neuronal activity is crucial for brain development and cognitive functions.

Neuronal activity either induces or suppresses the expression of the specific gene sets
necessary for brain growth and function. Notably, UBE3A is such an activity-regulated
gene. In vitro studies show that depolarization of primary neurons, stimulation by neu-
rotrophins, and excitatory neurotransmitters can significantly induce the Myc-dependent
expression of UBE3A [35]. Activity induced-UBE3A expression is crucial for kinase acti-
vation underlying learning and memory [36]. Interestingly, UBE3A upregulation is more
pronounced in the nucleus, where the nuclear form of UBE3A is thought to be the primary
factor contributing to Angelman syndrome [31]. It is suggested that UBE3A is also a coacti-
vator of nuclear hormone receptors [37], which transcriptional regulates and induces the
nuclei localization of nucleus hormone receptors. Strong evidence highlights the important
roles of nuclear hormones and receptors in regulating normal brain development [38],
myelination, and cognitive functions [39,40]. Notably, the UBE3A overexpression mouse
models with extra copies of UBE3A exhibit distinct gene sets of upregulation that may
be related to nuclear hormone receptors, genes on the X chromosome, and transcription
factors that are sex-differentially regulated [41], particularly in glial cells such as astrocytes
and oligodendrocytes. This could explain the observed sex-biased trend in autism [41].
Additionally, activity-regulated UBE3A expression has been observed in vivo. UBE3A is
required for proper synaptic spine development [42–44] and experience-dependent matu-
ration [43]. Visual stimulation caused a rapid increase in UBE3A expression across various
cell types in the visual cortex [45], including excitatory neurons (Figure 3A) and glia cells,
especially oligodendrocytes and microglia (Figure 3B), and astrocytes which increase later
(Figure 3B). In the retina, where UBE3A is biallelically expressed in ganglion cells, higher
levels of both paternal and maternal UBE3A in whole-cell lysates were observed. This
increase was confirmed by immunofluorescent staining following exposure to white or
blue light [46]. Therefore, it is reasonable to expect that UBE3A expression in the glia is
regulated by neuronal activity during brain development, homeostatic regulation, and
cognitive processes.

https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=7337
https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=7337
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Figure 3. The visual stimulation induced Ube3a expression in the visual cortical area. The raw
cell-by-gene matrix was downloaded from GSE102827. Both cell-type annotation and visual stimulus
timing were used as indicated by the original authors. The x-axis represents the visual stimulus time,
and the y-axis indicates the normalized UBE3A expression level. T-tests were performed to compare
the different stimulus groups. (A) UBE3A expression in the excitatory neurons and interneurons.
(B) UBE3A expression in glia: oligodendrocytes, microglia, and astrocytes.

4. The Unconventional Secretory Form of UBE3A
Cerebrospinal fluid (CSF) biomarkers are frequently used in neurodegenerative and

inflammatory diseases. Recently, molecular markers from CSF have been validated to
detect, diagnose, and even predict therapeutic potential in neurodevelopmental disorders,
including Angelman syndrome [47]. The catalytically active UBE3A protein was found in
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the CSF of wild-type rats and neurotypical human samples [48]. This suggests that cellular
communication may depend on the secretion of UBE3A. When the UBE3A protein was
supplied externally, it improved synaptic plasticity in brain sections of rats with Angelman
syndrome and enhanced fear memory [49]. It was proposed that multiple isoforms of
UBE3A exist in CSF, based on detecting the peptide sequences from different regions of
the UBE3A protein [48]. The process by which UBE3A is secreted from donor cells and
taken up by recipient cells remains unclear. It is also unknown whether neurons, glial
cells, or both act as donors and receivers. Additionally, the specific subcellular location and
the secretory pathway involved in UBE3A secretion are poorly understood. However, a
promising area of exploration would be investigating the cellular communication—between
neurons and neurons/glial cells—which is possibly mediated by the secretion and uptake
of the UBE3A protein.

It was found that the catalytically active UBE3A in the extracellular space of the
hippocampus could be dynamically regulated by neuronal activity [48]. Fear conditioning
challenges or novel environmental stimulation significantly increased UBE3A expression
and secretion. This raises an intriguing question of whether UBE3A specifically targets
substrates in the extracellular matrix. Although the specific components remain unclear, a
previous study identified a dramatic increase in the staining of perineuronal nets (PNN)
using Wisteria floribunda agglutinin (WFA) in the dentate gyrus of flurothyl-kindled mice
with Angelman syndrome [26]. The condition that causes seizures may be alleviated by
the UBE3A reinstatement [26]. Some PNN proteins may be substrates of UBE3A that
accumulate in the brains of individuals with Angelman syndrome. This accumulation may
suppress inhibitory neurotransmission, leading to the induction of seizures. In Alzheimer’s
disease, amyloid plaque is one of the typical pathological features that may be tightly
regulated by UBE3A (discussed later).

5. The Roles of UBE3A During Neurodevelopment
Many studies highlight the significance of UBE3A in brain development (see re-

views [1,2,7,49,50]); here, we briefly emphasize the two roles of UBE3A. As an E3 lig-
ase, UBE3A ubiquitinates multiple substrates, including Small Conductance Potassium
Channel (SK2) [50], X-linked inhibitor of apoptosis (XIAP) [51], Ephexin5 [52], Brain and
Muscle ARNT-Like 1 (BMAL1) [53], phosphotyrosyl phosphatase activator (PTPA) [54],
and calcium- and voltage-dependent big potassium (BKα) channels [55], for ubiquitin-
proteasome degradation. Notably, UBE3A regulates the UPS machinery through ubiq-
uitinating PMSD4 (also known as Rpn10/S5a), with loss of UBE3A activity leading to
decreased proteasome function [56]. Interestingly, UBE3A ubiquitination may not only
be involved in protein degradation but also activity control, such as ALDH1A2 [57] and
DDI1 [58]. Moreover, UBE3A regulates gene transcription, including the nuclear hormone
receptor superfamily [37]. Such directions will be worthwhile to investigate further.

6. The Roles of UBE3A in Neurodegeneration
Alzheimer’s disease is the most common form of dementia, with a progressive loss

of memory and cognitive function due to neurodegeneration, hyperphosphorylated Tau
tangles, and amyloid plaques. Amyloid plaques are aggregated amyloid-β (Aβ) peptides,
with multiple steps of procession from amyloid precursor protein (APP) [59]. APP reg-
ulates proper neuronal development [60]. The oligomers of Aβ downregulate UBE3A
in primary cultures [21,22]. Transcriptomic studies [61–64] comparing healthy controls
and AD patient brains showed significant decreases in UBE3A levels in multiple brain
regions, including the entorhinal cortex (Figure 4A), temporal lobe, and hippocampal
gyrus (Figure 4B). Cell type-specific analysis [63] revealed a more profound decrease in
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excitatory neurons. In the Tg2576 and APPswe/PS1 AD mouse models, soluble UBE3A
decreased before cognitive impairments were observed [21,22]. Intriguingly, insoluble
UBE3A was increased where insoluble Aβ was detected [22]. This implied UBE3A may
play a role in mediating aggregation or Aβ degradation, as the Aβ plaque was reduced in
UBE3A-deficient APPswe/PS1δE9 AD mice [22]. However, the loss of UBE3A exaggerated
cognitive impairments in APPswe/PS1δE9 AD mice [22] and accounted for the decreased
dendritic spine density and synaptic dysfunction in Tg2576 mice [21].
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Figure 4. UBE3A expression in AD patients. Extracted RNA-seq data from the published literature
were summarized and graphed. (A) Log2 expressions of UBE3A in healthy individuals, asymptomatic
AD, and AD are compared by brain region [61]; (B) Log2-fold changes of UBE3A expression in healthy
individuals and AD are compared by brain region [64]. The adjusted p value was shown on top of
each group.

UBE3A may regulate the APP processing and secretion of Aβ peptide. In the animal
model of Dup15q syndrome, where UBE3A is duplicated, the increased intraneuronal
accumulation of N-terminally truncated Aβ peptide at endosomes, autophagic vacuoles,
Lamp1-positive lysosomes, and lipofuscin has been observed by a microscopy study [65].
Recent evidence indicates that UBE4B [66], an E4 ubiquitin elongation enzyme, miti-
gates neurodegeneration in a Drosophila AD model by promoting the ubiquitination and
autophagy-dependent degradation of Tau. Since hyperphosphorylated Tau speeds up Tau
and Aβ aggregation, UBE3A may bridge autophagy and proteasome degradation [67];
further investigation of UBE3A in AD is worthwhile.
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UBE3A may directly regulate APP, in addition to its processing. It was found that
Angelman syndrome patients (lacking neuronal UBE3A) have increased plasma APP and
Aβ peptides compared to controls [23]. Autism patients are predicted to be over two
times more likely to develop early-onset AD [68]. Interestingly, the modeling of Dup15q
syndrome in vitro showed dramatically decreased APP levels [69]. Extracted data from a
recent single-nuclei RNA-seq study [70] using brain organoids and frozen post-mortem
tissues from dup15q patients and neurotypical controls also demonstrated an evident
reduction in APP expression (Figure 5A). Importantly, UBE3A is one of the most abundant
UPS-linked proteins that was observed in a proteomic study which was pulled down by the
StrepTactin resin-linked APP cytosolic region [71]. Such experimental evidence demands
further studies that directly investigate the interactions of UBE3A and APP. Together with
the downregulation of UBE3A by Aβ oligomers, we propose that the potential regulation
of APP by UBE3A reduces the Aβ production, which is dampened in the AD condition
and further deteriorated by the accumulation of Aβ.
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UBE3A and APP may share signaling pathways crucial for brain functions. It is pre-
dicted (https://www.ndexbio.org/iquery/, accessed at 17 February 2025) that both UBE3A
and APP are involved in pathways regulating neuronal/cellular responses to nerve growth
factors, neural projection organization, learning, and locomotor skills (Figure 5B), all of
which are frequently dysregulated in neurodevelopmental and neurodegenerative diseases.
In addition, catalytically inactive forms of UBE3A may impair overall proteasome function
due to the accumulation of the S5a proteasomal subunit [56]. Ubiquitin and proteasome
dysfunctions are frequently reported in neurodegeneration [72]. In 3D human neural cell
culture, ubiquitin signaling alternation accumulates APP and mimics AD pathology [73].
Importantly, enhancing proteasome functions has shown promise in preventing cognitive
anomalies in the rTg4510 mouse model of progressive tauopathy [74]. It is worthwhile
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to further explore the involvement of UBE3A in such impairments and its potential to be
druggable in AD and other neurodegenerations.

UBE3A may also play roles in other types of neurodegenerations. Abnormal dopamine
signaling was found in an Angelman syndrome mouse model [75], where the loss of
dopaminergic neurons disrupted the circuitry of the basal ganglia which contributed to
motor dysfunction [76,77] and reward-seeking enhancement [78]. Disruption of dopamine
signaling is typically observed in Parkinson’s disease. Investigating the UBE3A and the
Parkin (Parkinson’s disease gene) simultaneously would benefit both diseases.

Huntingtin (Htt)-associated protein 1 (HAP1) is implicated in Huntington’s disease
(HD), which is caused by an increase in the CAG trinucleotide repeat expansion in the
huntingtin gene (Htt) due to an autosomal dominant mutation on chromosome 4 (4p16.3).
HAP1 accumulation increases autophagy influx in Angelman syndrome mice, and HAP1
is one of the UBE3A substrates [79]. Interestingly, UBE3A is hyposufficient in HD mice
brains with globally increased aggregation, which has less ubiquitination of Htt [18]. K48-
mediated ubiquitination and degradation of HTT fragments depends on UBE3A [19]. The
viral expression of UBE3A in HD brains normalized the aggregation of mHtt protein and
reduced the mHtt aggregation-induced cell death [19], which is blocked by UPS inhibitor
MG132 [19]. Similarly, pharmacological interventions of HD mice by Azadiradione [80]
and Topotecan [81] are correlated with UBE3A expression. Removal of UBE3A disrupts the
Azadiradione-induced BDNF expression [82]. Topotecan is the first class of the identified
small molecule silencers of paternal UBE3A [11]. Collectively, UBE3A manipulation may
benefit HD therapeutics. Supporting this, removing UBE3A in HD mice accelerated disease
pathology and caused motor phenotypes with a shorter lifespan [18].

Loss of UBE3A also exaggerates Purkinje cell loss in spinocerebellar ataxia type 1
(SCA1) mice [83]. Removing UBE3A enhances the polyglutamine protein aggregation
and cell death [84]. The over-expression of UBE3A diminishes polyglutamine protein
aggregation-induced cell death [84]. Similarly, the overexpression of UBE3A increases the
ubiquitination and facilitates the degradation of superoxide dismutase 1 (SOD1) pro-
teins, which is linked to familial amyotrophic lateral sclerosis (ALS) [85]. Moreover,
stress-induced separation and proteasome foci were tightly correlated with UBE3A expres-
sion [86], in which overexpression protects misfolded protein-induced cell death [84].

In summary, UBE3A is positively involved in multiple neurodegenerative diseases
where UBE3A normalization protects neuronal death. The co-localization of UBE3A
with Htt aggregates [18,19,84], stress granules [86], SOD1 [85], Aβ plaques [22], and
misfolded proteins [84] highlights the possibilities of targeting UBE3A for therapeutics.
The proteolysis-targeting chimera (PROTAC) molecule, since the concept was proposed
two decades ago [87], has revolutionized drug development, especially for undruggable
diseases. The small molecule degrader harnesses the ubiquitin–proteasome system (al-
ternatively, autophagy) [88] to degrade a target protein. Through a linker, PROTAC tags
the target protein to an E3 ligase (alternatively, to an autophagosome, lysosome, or anti-
bodies) [88]. Neurodegeneration, including tauopathy, HD [88], and AD [89] are under
investigation with PROTAC. We believe that future studies designing UBE3A-specific
PROTAC to target neurodegenerative diseases are worthwhile.

7. The Glial Function of UBE3A: Neuronal Spine Morphology, Seizures,
and More

There is no direct evidence indicating a loss of function of UBE3A in glial cells;
however, there is increasing evidence of gain of function and gene overdosage effects,
particularly in models with additional copies of maternal UBE3A. The UBE3A gene is
located on human chromosome 15q11–13 and is highly susceptible to maternal duplication
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(dup15q) and triplication. This genetic variation is responsible for 1–3% of the autism
population [90–94]. Mouse models with one or two extra copies of the UBE3A transgene,
mimicking Dup15q syndrome, have shown key autism-like behaviors and decreased glu-
tamatergic signaling [95]. Despite the overexpression of UBE3A in the nuclei, AMPA
receptors (AMPARs) were not largely suppressed, yet associative learning and memory
generally remained normal [96,97]. In contrast, significant seizure symptoms and diffi-
culties in social interactions have been consistently reported [96–99]. Nuclear increases
in UBE3A in neurons impair sociability by repressing Cbln1 gene expression, a key node
in an autism-related gene network due to protein–protein interactions [98]. It remains
uncertain whether such social abnormalities relate to glia. However, these deficits could
be reversed by preclinical AAV viral vector gene therapy [98] or improved by crossing
with the Angelman syndrome mouse model [97]. It was observed that UBE3A staining
is lower in the oligodendroglia from a mouse model with a gain of function mutation
linked to autism [100]. However, the effects of UBE3A in other glial cells, such as astrocytes,
remain unknown. Additionally, UBE3A gain of function mutations are thought to be
hyper-catalytic [16,93] and may even lead to the degradation of UBE3A itself [101]. There is
a pressing need for mouse models that exhibit UBE3A overexpression and/or copy number
variations in specific types of glial cells.

Neuronal morphological abnormalities, including reductions in the complexity of
dendritic arborization and/or the density of dendritic spines, underlie neurodevelopment
disorders and could potentially be druggable [42,102]. UBE3A-dependent spine morphol-
ogy has often been reported in individuals with Angelman syndrome [42,44,102,103] and
UBE3A overexpression [51]. Interestingly, primary rat neurons transfected with the UBE3A
plasmid showed no morphological differences, although the exact amount of UBE3A re-
mained unknown [104]. Primary astrocytes expressing UBE3A could increase immature
dendritic protrusions in cocultured neurons while reducing spine density, which occurs
when UBE3A is also overexpressed in the neurons of the coculture [104]. Such research
indicates that the development of spines is differently regulated by neuronal and glial
UBE3A. In neurons, UBE3A may be involved in both the creation and maturation of spines,
while in astrocytes, UBE3A appears to have a more significant role in spine maturation.
There is cross-talk between neurons and astrocytes that influences the development of
neuronal spines, driven by UBE3A in astrocytes. Furthermore, the overexpression of
UBE3A in neonates through the intraventricular injection of an astrocyte-specific virus
is found to replicate spine morphology and induce autistic-like behaviors in mice [104].
Thrombospondins secreted by astrocytes play a crucial role in regulating synapse forma-
tion. It has been found that UBE3A controls the transcription of spinogenic factors such
as thrombospondin-2 (TSP2). When UBE3A is present in excess in astrocytes, the amount
of produced and secreted TSP2 is significantly reduced [104]. It is well documented that
both developing and mature astrocytes play a crucial role in the formation, maturation,
and refinement of synapses [105]. Co-culturing neurons with astrocytes or using astrocyte-
conditioned media enhances synaptic formation and maturation. Conversely, diseases
associated with astrocytes often lead to an excessive elimination of synapses. It would be
valuable to investigate whether neurotrophic factors change through UBE3A in astrocytes.
Additionally, we should examine any alterations in vivo in the interactions between astro-
cytes and neurons, particularly concerning tripartite synapses, which represent another
significant way in which astrocytes directly regulate synapses [106].

Experience-driven dendritic spine maintenance was reported to be impaired in the
Angelman syndrome mouse model [107]. Additionally, it was proposed that pre-synaptic
UBE3A in Drosophila could eliminate synapse cells autonomously [108]. Mechanistically,
the process by which developing synapses are removed remains unclear. If UBE3A func-
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tions are conserved from flies to mammals, the impaired maintenance of synapses observed
in rodents is likely not solely a result of neuronal factors; rather, it may be influenced by glial
cells. Astrocytes, microglia, and oligodendrocyte precursor cells can all engulf synapses to
some extent [109]. However, the role of UBE3A in glial cells has been largely overlooked
for decades. UBE3A interacts with interferon regulatory factor (IRF) and enhances IRF-
dependent transcription in neurons [110]. The enrichment of genes downstream of IRF
has been observed in a UBE3A-deficient mouse model of Angelman syndrome [110]. This
finding suggests a novel function for UBE3A as a transcriptional regulator of the brain’s
immune system. Future studies focusing on the role of UBE3A in microglia, the primary
immune cell type in the brain, are essential. It remains unclear whether the available
tools to study UBE3A loss or gain of function effectively address potential dysfunction in
microglia and other glial cells. The dynamic interactions between neurons and glia are
crucial for normal brain development and function [109]. Therefore, it is important to in-
vestigate whether UBE3A expression in glia changes in response to fluctuations in neuronal
UBE3A levels. Additionally, exploring the impact of neuron-specific UBE3A overdosage or
insufficiency in glial cells could provide valuable insights for therapeutic strategies. With
advancements such as single-cell and single-nucleus RNA sequencing, along with other
omics technologies, there is an opportunity to uncover more novel functions of UBE3A
and to update our understanding of the mechanisms underlying the disorders associated
with UBE3A loss or gain of function. Research utilizing single-nucleus RNA sequencing
compared individuals with dup15q to neurotypical controls, revealing an increased UBE3A
expression in the neurons, microglia, astrocytes, and oligodendroglia, which triggered the
activation of various gene networks [41,111]. In microglia, an inflammatory transcriptional
network was identified; however, further investigation is needed to determine the extent to
which UBE3A isoform(s) directly contributes to this network [111].

Intriguingly, the overexpression of glial UBE3A directly contributes to the seizure
phenotype in Drosophila flies [112,113], potentially mirroring situations seen in Dup15q
syndrome, where dysfunction in both neuronal and glial physiology has been docu-
mented [111]. It is essential to distinguish the specific contributions of glia and neurons to
develop effective mechanistic interventions. In the Drosophila model of Dup15q syndrome,
it was demonstrated that only the glial-driven expression of the UBE3A ortholog dube3a
directly led to a bang-sensitive seizure phenotype [112,113]. Both glial and neuronal-driven
dube3a expression resulted in noticeable motor phenotypes. High temperatures prompted
spontaneous seizure-associated immobilization events with both glial and neuronal-driven
dube3a expression, and mechanical shocks triggered convulsions [112,113]. These findings
suggest that glial dube3a contributes directly to hyperexcitability in flies [112]. Notably,
while the overexpression of UBE3A is toxic to Drosophila, resulting in a shortened lifes-
pan [112], the same overexpression appears to have a neutral effect in rodents. It remains
unclear whether the induction of seizures due to glial UBE3A overexpression in flies is
also observed in rodents and humans [16,93,99,100], and how translational these findings
may be. Our limited knowledge of UBE3A substrates [103,114], along with a lack of a com-
prehensive understanding of the transcriptional networks regulated by UBE3A [115–117],
leaves the molecular mechanisms underlying seizures and epilepsy in individuals with
Dup15q and Angelman syndrome largely unknown.

8. Conclusions: A Yin–Yang Model of UBE3A Functions in Neurons
and Glia

Taken together, mounting evidence indicates that UBE3A maintains a delicate balance
between neuronal and glial physiology. We propose a Yin–Yang framework (Figure 6)
in which neuronal UBE3A (Yang) and glial UBE3A (Yin) reciprocally regulate each
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other, thereby sustaining optimal brain function across development, aging, and in
pathological contexts.
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reciprocal regulation of neuronal (Yang) and glial (Yin) UBE3A, emphasizing their combined impor-
tance for normal brain function throughout development, aging, and in pathological states. Neuronal
UBE3A is well known for its roles in synaptic pruning, plasticity, and maturation, but recent evidence
suggests that glial UBE3A also contributes to these processes—potentially responding to secreted
UBE3A from neurons, regulating glial proliferation, and influencing myelination. When balanced,
these Yin–Yang interactions support healthy cognitive function; however, disruptions in either neu-
ronal or glial UBE3A can destabilize the entire system, fueling the emergence of neurodevelopmental
or neurodegenerative conditions.

In neurons, UBE3A can localize presynaptically to facilitate synaptic pruning [108],
or within the nucleus to modulate hormone receptor transcription [37] and cell-cycle
progression [118]. Its secretion by neurons [48] may further enhance synaptic plastic-
ity [49], while potentially being taken up by glial cells such as astrocytes and oligoden-
droglia [104,112,113]. This cross-cell transfer could influence glial proliferation, differentia-
tion, and apoptosis [119–121], and ultimately shape myelination in response to neuronal
activity [122–124]. Despite these promising insights, the precise mechanisms by which
UBE3A mediates neuron–glia interactions remain incompletely understood. An expanded
focus on glial UBE3A—including cell-specific roles and uptake pathways—could uncover
novel therapeutic targets for a range of brain disorders.

Looking beyond the conventional neuron-centric view of UBE3A will be crucial for
understanding how neuron–glia communication drives fundamental neural functions,
including those essential for proper development and cognition. Although Angelman
syndrome has provided a vivid illustration of how the loss of maternal UBE3A can de-
rail these processes, the emerging recognition of UBE3A’s broader contributions across
neurodevelopmental and neurodegenerative conditions calls for a deeper investigation of
its glial and cross-cell activities. Crucially, because there are already multiple treatments
for AS that aim to upregulate UBE3A, these strategies could be repurposed or adapted to
address UBE3A deficits in other neurocognitive disorders such as Alzheimer’s disease and
related neurodegenerative conditions. Collectively, these insights reinforce the vital role
of UBE3A in synaptic and cognitive function, and underscore its promise for therapeutic
intervention in a wide array of neurological conditions.
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