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Abstract

Angelman syndrome (AS) is a severe neurodevelopmental disorder caused by the loss of maternal UBE3A, an E3 ubiquitin ligase essential 
for neuronal development, synaptic plasticity, and cognitive function. AS has traditionally been viewed as a cell-autonomous disorder in 
which intracellular UBE3A deficiency drives neuronal dysfunction. However, recent evidence suggests that impaired extracellular vesicle (EV)-
mediated intercellular communication also contributes to disease pathophysiology. EVs are key intercellular mediators of neuronal and glial 
signaling, as they transfer proteins, lipids, and nucleic acids, which regulate synaptic homeostasis, circuit maturation, and brain plasticity. 
Here, we discuss emerging evidence linking UBE3A deficiency to alterations in EV biogenesis, cargo composition, secretion, and uptake. We 
propose that disruption of ubiquitin-dependent endosomal trafficking, together with endolysosomal dysfunction involving LAMTOR1 and 
the lysosomal Ca²+ channel TRPML1, contribute to defective EV properties in AS. Moreover, the recent identification of UBE3A within neuronal 
EVs raises the possibility that loss of EV-mediated UBE3A transfer represents an additional non-cell-autonomous mechanism underlying 
synaptic dysfunction in AS. These findings support a revised model in which impaired EV signaling amplifies the consequences of intracellular 
UBE3A deficiency. Finally, we discuss the therapeutic potential of EVs. The ability of wild-type neuron-derived EVs to rescue synaptic and 
cognitive deficits in an AS mouse model highlights the use of EVs as a promising therapeutic avenue for Angelman syndrome and other 
neurodevelopmental disorders.
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Extracellular Vesicle (EV) Heterogeneity: Type, 
Biogenesis and Cargo

EVs represent a heterogeneous population of particles 
released by almost all cell types; they are involved in 
intercellular communication under both physiological 
and pathological conditions [1–4]. Due to their ability 
to travel in biological fluids and to cross physiological 
barriers, EVs mediate both local and long-distance cell-to-
cell communication [4]. Based on their biogenesis, EVs are 
commonly categorized into exosomes and microvesicles, 
although the precise determination of vesicle origin remains 
challenging [1,2,5].

Microvesicles are relatively large EVs (100–1000 nm) 

generated by direct outward budding of the plasma 
membrane and subsequent detachment. This process is 
calcium-dependent, requires cytoskeletal remodeling, and 
involves phospholipid redistribution [1]. In contrast, exosomes 
are small EVs (30-150 nm) originating from the endosomal 
system through inward budding of multivesicular body (MVB) 
membranes, which generate intraluminal vesicles (ILVs). 
Following MVB fusion with the plasma membrane, ILVs are 
released extracellularly as exosomes [3,4,6]. This mechanism 
is regulated by the machinery of the endosomal sorting 
complex required for transport (ESCRT), which orchestrates 
membrane deformation and scission events through the 
coordinated action of ESCRT-0, -I, -II and -III complexes [7,8]. 
However, exosomes also originate trough ESCRT-independent 
mechanisms, involving lipid-driven membrane curvature 
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mediated by ceramide, cholesterol-enriched microdomains, 
and tetraspanin-enriched domains [4,9].

Lysosomes also participate in EV release through lysosomal 
exocytosis, leading to the secretion of lysosomal content 
[10,11]. This process is regulated by the lysosomal transient 
receptor potential mucolipin 1 (TRPML1), a channel mediating 
lysosomal Ca2+ release [11–13]. Thus, lysosomes represent 
a key regulator of EV biogenesis and secretion. Indeed, 
lysosomal dysfunction has been shown to increase EV release 
in several cellular systems, suggesting that EV secretion may 
serve as an alternative clearance route when degradative 
capacity is compromised [14].

EVs regulate target cells by transporting and transferring a 
variety of materials, such as DNA, RNA, lipids, and proteins 
[4]. Cargo loading is not a random event, but a selective 
process governed by specific proteins, lipid modifications, 
and intracellular signals that determine which molecules 
are incorporated into vesicles [4,15]. For instance, the ESCRT 
machinery recognizes ubiquitinated proteins and sorts them 
into forming vesicles, whereas ceramides and tetraspanins 
such as CD63 and CD81 create membrane microdomains 
capable of attracting specific proteins and excluding others. 
Furthermore, RNA-binding proteins recognize and guide 
mRNA or miRNA molecules into forming vesicles [16].

EV cargo composition reflects vesicle biogenesis. Microvesicles 
largely retain plasma membrane-associated proteins, lipids, 
and cytosolic components, whereas exosomes are enriched 
in endosomal proteins, including the tetraspanins CD9, CD63, 
and CD81, together with the ESCRT-associated cytosolic 
proteins ALIX and TSG101[1,3]. Accumulating evidence 
indicates that the classical tetraspanins CD9, CD63, and CD81 
are not uniformly distributed across all EVs. Instead, distinct EV 
subpopulations display unique tetraspanin profiles, reflecting 
differences in their intracellular origin and biological functions 
[17,18]. Accordingly, combinations of tetraspanin markers 
may be useful for identifying and characterizing specific EV 
subpopulations rather than defining a single homogeneous 
exosome population.

Collectively, EV cargo sorting is a highly regulated and 
selective process, which generates vesicles reflecting both 
the molecular identity and the physiological state of donor 
cells. Because cargo loading is dynamically modulated by 
stress, inflammation, metabolic alterations, senescence, 
and lysosomal dysfunction, EV composition can change 
substantially, resulting in functionally distinct vesicle 
populations with specific molecular signatures and biological 
activities. Taken together, EV biogenesis and cargo selection 
emerge from a coordinated interplay among endosomal 
trafficking, membrane lipid organization, and lysosomal 
function, ultimately shaping EV composition, heterogeneity, 
and biological activity.

EV Functions in the CNS: Physiological and 
Pathological Evidence

The central nervous system (CNS) comprises a highly 
specialized communication network in which neurons and 
glial cells continuously exchange molecular information 
to maintain neuronal homeostasis and synaptic function. 
Emerging evidence indicates that EVs contribute to this 
communication, acting alongside neurotransmitters, soluble 
factors, and direct cell-cell interactions to coordinate neuronal 
and glial functions [19,20]. Accordingly, EVs participate in 
multiple aspects of brain physiology and also contribute to 
various diseases when their production, cargo composition, 
or cellular uptake is dysregulated.

Physiological functions of EVs in the CNS

Within the CNS, EVs contribute to neuronal communication, 
synaptic plasticity, and metabolic support [21,22]. Importantly, 
EV-mediated communication is not restricted to similar cell 
types; rather, EVs function as versatile messengers, which 
facilitate cross-talk among diverse cell populations. Neurons, 
astrocytes, oligodendrocytes, and microglia release distinct 
EV populations carrying cell-specific molecular cargoes, which 
reflect their specialized roles within the brain [23–25].

Specifically, neuronal EVs help maintain neuronal structure 
by promoting spine formation and preserving neuronal 
complexity [26]. Glial-derived EVs are equally critical: 
astrocyte-derived EVs provide metabolic support and 
regulate local protein synthesis, oligodendrocyte-derived EVs 
promote axonal resilience under stress, and microglial EVs 
participate in synaptic remodeling, circuit refinement, and 
immune surveillance [24,25,27]. Through these exchanges, 
EVs coordinate neuronal and glial functions, maintaining CNS 
homeostasis, synaptic integrity, and circuit stability.

A key feature of neuron-derived EV biology is its sensitivity 
to neuronal activity. EV secretion is dynamically regulated by 
neuronal stimulation, and depolarization-induced calcium 
influx increases EV release [28,29]. These findings suggest that 
EV secretion is an integral component of activity-dependent 
neuronal signaling, contributing to synaptic adaptation and 
homeostatic plasticity. Neuronal activity also influences EV 
cargo composition: brain-derived neurotrophic factor (BDNF) 
stimulation alters EV cargo composition and promotes the 
transfer of synaptogenic microRNAs that enhance excitatory 
synapse formation, increase synaptic vesicle clustering, and 
facilitate circuit maturation [21]. Together these studies 
establish EVs as key mediators of neuronal activity-dependent 
synaptic plasticity and neural circuit remodeling.

The importance of EVs is particularly evident during brain 
development, when precise and coordinated communication 
among diverse cell populations is required for neuronal 
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differentiation, synaptogenesis, and circuit maturation. EV 
cargoes change throughout development, indicating that 
EV-mediated signaling dynamically adapts to the evolving 
needs of the developing nervous system. By adapting their 
signaling properties over time, EVs help establish, refine, and 
stabilize functional neural circuits [22,30]. 

Collectively, these findings indicate that EVs are integral 
components of CNS physiology, serving as key regulators of 
synaptic and cellular homeostasis.

EV dysfunction in neurological disorders

Given their central role in intercellular communication, 
alterations in EV biology have been increasingly implicated in 
neurological diseases. Dysregulation of EV production, cargo 
sorting, secretion, or uptake can profoundly affect neuronal 
and glial functions, ultimately influencing neural circuit 
integrity.

In neurodegenerative disorders, EVs contribute to 
pathogenesis by facilitating the transfer of aggregation-
prone proteins, including amyloid-beta, tau, and alpha-
synuclein, across interconnected brain regions [15,31–33], 
thereby accelerating disease progression. EVs also participate 
in neuroinflammatory responses. Under pathological 
conditions, microglial and astrocytic activation alters EV 
cargo composition, increasing the transfer of inflammatory 
mediators and immune signaling molecules [27,34,35]. 
Consequently, EVs can amplify neuroinflammation, disrupt 
synaptic function, and exacerbate neuronal dysfunction.

Importantly, EV dysfunction is not limited to 
neurodegenerative disorders but also contributes to 
neurodevelopmental diseases. Because EV-mediated signaling 
supports neuronal maturation and synaptic plasticity, its 
perturbations during critical developmental windows may 
have long-lasting consequences for circuit formation and 
cognitive function [36,37]. Taken together, these findings 
support a model in which EVs mediate both physiological and 
pathological communication within the CNS. Understanding 
how EV signaling is disrupted across neurological disorders 
may therefore reveal disease mechanisms as well as biomarker 
and therapeutic opportunities.

Angelman Syndrome

Angelman syndrome (AS) is a severe neurodevelopmental 
disorder characterized by intellectual disability, motor 
dysfunction, epilepsy, and profound deficits in learning 
and memory [38,39]. AS is caused by loss of function of the 
maternally inherited UBE3A gene located on chromosome 15 
(15q11.2-q13) [39]. In neurons, UBE3A is expressed only from 
the maternal allele, because the paternal copy of the gene is 

silenced [40–42]. UBE3A is an E3 ubiquitin ligase that regulates 
substrate ubiquitination and proteasomal degradation 
[43]. Importantly, Ube3a plays a key role in dendritic spine 
maturation, synaptic transmission, activity-dependent 
plasticity, and experience-dependent circuit refinement 
[44,45]; disruption of these processes contributes to many of 
the neurological manifestations of AS.

Accordingly, AS has traditionally been viewed as a cell-
autonomous disorder in which neuronal dysfunction arises 
from intracellular molecular abnormalities caused by UBE3A 
deficiency. However, recent work by Penna and colleagues [11] 
provides the first evidence that EV dysfunction contributes 
to synaptic and cognitive deficits in an AS mouse model, 
expanding the pathogenic framework beyond the established 
intracellular consequences of UBE3A deficiency. These findings 
suggest that UBE3A deficiency disrupts not only intracellular 
signaling but also EV-mediated intercellular communication, 
which is essential for coordinating neuronal development and 
circuit function. Given the close relationships among ubiquitin 
signaling, endosomal trafficking, and EV biogenesis, several 
molecular pathways could potentially link UBE3A deficiency 
to altered EV function (Figure 1). The following sections 
summarize the available evidence and discuss potential 
mechanisms where direct experimental validation is still 
lacking.

Altered ubiquitin signaling in AS may impair EV 
biogenesis

A major mechanistic convergent point between UBE3A 
function and EV biology is the role of ubiquitination within 
the endosomal system, particularly during MVB biogenesis. 
Ubiquitinated cargo proteins are recognized by ESCRT-0 
components and sequestered into ILVs [4,7,8], which are 
either degraded by lysosomes or released extracellularly as 
exosomes [4]. Thus, ubiquitin signaling serves as a critical 
link between intracellular protein clearance and intercellular 
communication. Based on this framework, loss of UBE3A 
function could impair EV biogenesis and secretion by altering 
ubiquitin-dependent endosomal sorting (Figure 1). Along this 
line, PEG10, a multifunctional RNA-binding protein, has been 
identified as an UBE3A substrate and is secreted in neuronal 
EVs [46]. UBE3A deficiency leads to PEG10 accumulation, 
which could disrupt neuronal migration and contribute to 
abnormal brain development.

Although direct experimental evidence linking UBE3A to 
EV biogenesis is lacking, the established role of ubiquitin in 
endosomal trafficking and MVB sorting [4,7,8] supports the 
hypothesis that dysregulated ubiquitin signaling may be one 
of the earliest molecular mechanisms impairing EV-mediated 
communication in AS.
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UBE3A deficiency impairs EVs secretion

Under physiological conditions, EV secretion is regulated 
by neuronal activity and intracellular calcium signaling 
[28,29]. In AS, severe alterations in baseline neuronal activity 
and calcium homeostasis [47] provide a plausible basis for 
impaired EV release. Moreover, UBE3A deficiency leads to a 
marked presynaptic accumulation of clathrin-coated vesicles 
(CCVs), indicating a severe impairment of clathrin uncoating 
and subsequent synaptic membrane recycling [48]. Because 

endocytic trafficking provides membrane components required 
for the maintenance of early endosomes, late endosomes, 
and MVBs, it is possible to hypothesize that sequestration 
of membranes within persistent CCVs caused by UBE3A 
deficiency reduce the vesicle pool available for endosomal 
maturation and MVB biogenesis (Figure 1). Although this 
link remains to be fully established experimentally, defects in 
clathrin-mediated recycling provide a plausible explanation for 
altered EV production and release, particularly for exosomes, 
whose formation depends on endosomal pathways.

Figure 1. Proposed roles of UBE3A in EV biogenesis, secretion, uptake, and cargo loading. UBE3A mediates ubiquitination and 
degradation of LAMTOR1, a lysosome-associated protein which tonically inhibit the lysosomal Ca2+ channel TRPML1, thereby promoting 
lysosomal trafficking and EV secretion [51,52]. In Angelman syndrome (AS), loss of UBE3A reduces LAMTOR1 removal, resulting in increased 
TRPML1 inhibition and defective EV release [11]. UBE3A also appears to regulate EV uptake at dendritic spines through lysosome-dependent 
mechanisms [11]. In addition, UBE3A contributes to clathrin recycling from endosomal vesicles, a process required for endosomal maturation 
and multivesicular body (MVB) formation [48]; disruption of this pathway may further reduce EV biogenesis in AS. As an E3 ubiquitin ligase, 
UBE3A may also participate in ubiquitin-dependent cargo sorting into MVB, thereby influencing EV composition. Finally, the presence of 
UBE3A within EVs suggests a potential role in EV-mediated intercellular communication [11]. Dotted line: hypothetical involvement of 
UBE3A. Solid line: direct evidence of UBE3A involvement.
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Endolysosomal dysfunction in AS amplifies EV 
abnormalities

Neurons rely on endolysosomal pathways for synaptic protein 
turnover, receptor recycling, and membrane homeostasis. 
In this context, lysosomes act not only as degradative 
organelles but also as regulators of EV secretion, since 
MVBs represent a shared intermediate between lysosomal 
degradation and exosome release. Dysregulation of these 
pathways has been widely implicated in neurodevelopmental 
and neurodegenerative disorders [49,50]. Support for 
the involvement of endolysosomal dysfunction in AS 
comes from studies of Christianson syndrome, an X-linked 
neurodevelopmental disorder with overlapping clinical 
features, caused by mutations in the endosomal ion 
transporter NHE6 [51]. NHE6 deficiency disrupts endosomal 
maturation and lysosomal function, leading to progressive 
neuronal dysfunction. Although EV biology has not been 
directly investigated, these findings suggest that impaired 
endolysosomal trafficking may similarly disrupt MVB dynamics 
and contribute to EV abnormalities in AS. 

Consistent with this concept, previous studies have identified 
the lysosome-associated protein LAMTOR1 as a substrate 
of UBE3A-mediated ubiquitination and demonstrated that 
disruption of this pathway contributes to AS pathogenesis 
[52]. LAMTOR1 tonically inhibits the lysosomal Ca2+ channel 
TRPML1, whose activity is essential for dendritic lysosomal 
dynamics, synaptic plasticity, learning, and memory [53]. 
In AS mice, loss of UBE3A causes LAMTOR1 accumulation 
within synaptic compartments [52], leading to excessive 
TRPML1 inhibition and subsequent lysosomal dysfunction, 
a feature associated with several neurodegenerative and 
neurodevelopmental disorders [54]. Building on these findings, 
Penna and colleagues demonstrated that TRPML1-mediated 
EV secretion is impaired in AS neurons and proposed that 
excessive LAMTOR1-mediated TRPML1 inhibition suppresses 
lysosomal trafficking and EV secretion (Figure 1).

Intriguingly, lysosomes may also participate in EV uptake. 
Penna et al. found that TRPML1 inhibition significantly reduced 
neuronal EV uptake, suggesting that TRPML1 regulates both 
EV secretion and recipient-cell internalization (Figure 1). 
Although the mechanisms remain poorly understood, one 
possibility is that accumulation of undegraded material 
caused by lysosomal inhibition impairs clathrin-mediated 
endocytosis, thereby reducing EV internalization [55]. It 
is noteworthy that when lysosomal function is impaired, 
cells often exhibit increased EV release as a compensatory 
mechanism to dispose of accumulated cargoes [14]. In 
contrast, AS is characterized by reduced EV release [11]. 
Nevertheless, increased EV size was reported, suggesting 
a possible compensatory mechanism of accumulation of 
material within enlarged EVs rather than distribution across 

a larger EV population. Importantly, AS represents a distinct 
pathological condition, as UBE3A deficiency does not cause 
a classical lysosomal storage phenotype but may disrupt 
endolysosomal trafficking and EV-mediated intercellular 
communication.

Collectively, these findings support the hypothesis that 
endolysosomal dysfunction represents a convergent 
mechanism linking impaired intracellular trafficking with 
defective EV-mediated intercellular communication in 
Angelman syndrome. This shift in intercellular trafficking 
could have a profound impact on neuronal communication, as 
altered EV secretion can modify extracellular signaling and the 
propagation of molecular signals, thereby amplifying synaptic 
dysfunction across neural circuits.

UBE3A secretion in neuronal EVs

Another major advance in AS pathogenesis is the discovery 
that UBE3A itself participates in intercellular communication 
through neuronal EVs. Penna and colleagues demonstrated for 
the first time that UBE3A is present in EVs released from wild-
type mouse synaptosomes and that its secretion is activity-
dependent; noticeably, UBE3A is absent from synaptosomal 
EVs prepared from AS mice (Figure 1) [11].

Although pathological EV alterations are often attributed 
to broad changes in cargo composition, increasing evidence 
indicates that the selective loss of specific cargo proteins can 
also have important functional consequences. For instance, 
cells selectively exclude oxidized mitochondrial proteins 
from EVs to prevent the dissemination of pro-inflammatory 
mitochondrial damage-associated molecular patterns 
(DAMPs), and disruption of this process promotes inflammation 
[56]. Similarly, the absence of UBE3A in AS-derived EVs raises 
the possibility that loss of UBE3A transfer between neighboring 
cells contributes to impaired intercellular communication in 
AS, in addition to its intracellular deficiency. For instance, recent 
evidence suggests that neuronal UBE3A deficiency generates 
soluble signals, such as TNF and complement components, 
that trigger microglial activation, inflammatory response and 
aberrant neuronal synaptic engulfment [57]. Similarly, EVs 
released by UBE3A-deficient neurons may contain an altered 
molecular cargo that could influence microglial and astrocytic 
responses. Accordingly, UBE3A transfer through neuronal EVs 
may represent a potential mechanism of intercellular protein 
transfer to glial cells, where UBE3A could contribute to the 
regulation of protein stability and cellular homeostasis. Loss 
of EV-mediated signaling pathway may therefore contribute 
to impaired neuron–glia communication and altered glial 
functions, including metabolic support and myelination of 
neuronal circuits [58]. This possibility suggests the hypothesis 
that an alteration in EV communication between neurons 
and glial cells may contribute to a feedback loop that further 
exacerbates synaptic dysfunction in AS.
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Beyond mature neural circuits, altered EV signaling may 
also influence early brain development. Since UBE3A 
deficiency affects neural progenitor populations [59] and EVs 
regulate progenitor proliferation, differentiation, and lineage 
specification [30], impaired EV-mediated communication 
within the neurogenic niche could contribute to the early 
developmental abnormalities characteristic of AS. Although 
these mechanisms remain speculative, they underscore the 
importance of considering EV heterogeneity—including 
neuron-, astrocyte-, microglia-, and progenitor-derived EVs—
when investigating AS pathogenesis and developing EV-
based therapeutic strategies.

Collectively, these observations suggest a model in which 
UBE3A regulates synaptic and circuit properties not only 
through its established role in intracellular proteostasis but 
also by controlling the endosome-lysosome-EV axis. Loss 
of UBE3A would therefore impair endosomal trafficking, 
lysosomal function, EV secretion, and EV cargo composition 
while simultaneously eliminating EV-mediated transfer of 
UBE3A itself. Together, these mechanisms provide a unified 
framework in which both cell-autonomous and non-cell-
autonomous dysfunction contribute to synaptic and circuit 
abnormalities in AS.

EVs as Biomarkers for AS

EVs have emerged as promising biomarkers for neurological 
disorders due to their stability in biofluids, ability to cross the 
blood–brain barrier, and capacity to reflect the molecular 
state of their cells of origin [15,60]. EVs protect their cargo 
from enzymatic degradation, thereby preserving disease-
associated cargo that can be detected through minimally 
invasive sampling. Accordingly, EVs isolated from blood, 
cerebrospinal fluid, and saliva carry disease-relevant proteins 
and RNAs that mirror pathological processes in the brain and 
have been extensively investigated as “liquid biopsies” for 
neurodegenerative disorders [15,31–33].

In this context, AS represents a particularly attractive 
candidate for EV-based biomarker development because it is 
caused by the loss of a single well-defined protein such UBE3A. 
The recent discovery that UBE3A is physiologically released 
in neuron-derived EVs but absent in AS-EVs [11] provides 
a biological rationale for investigating UBE3A-associated 
EVs as potential biomarkers. If validated in patient-derived 
EVs, this approach could provide a rapid, minimally invasive, 
and mechanism-based tool for diagnosis and therapeutic 
monitoring.

Despite this promise, several challenges remain. First, EV 
isolation methods lack standardization and can significantly 
affect yield and purity, while the heterogeneity of EV 
populations complicates identification of disease-relevant EVs 
from CNS cell types [5]. Overcoming these technical limitations 

will be essential for translating EV-based biomarkers into 
clinical practice.

Therapeutic Strategies for AS and Potential EV 
Applications

Several therapeutic strategies have been developed 
to restore UBE3A function in AS, including direct UBE3A 
delivery, engineered secretable/cell-penetrating UBE3A 
constructs, and lentivector-transduced hematopoietic stem 
cell approaches, all of which improve synaptic and cognitive 
phenotypes in AS mice [61–63]. More recently, reactivation 
of the paternal UBE3A allele has emerged as a promising 
therapeutic strategy, although efficacy depends on the 
developmental timing of intervention [64,65]. Despite these 
advances, current approaches remain limited by invasive 
delivery methods, challenges in achieving widespread and 
sustained UBE3A expression, the complexity of stem cell-
based interventions, and critical developmental windows that 
may restrict therapeutic efficacy.

EVs are increasingly investigated as therapeutic tools for CNS 
disorders due to their biocompatibility, low immunogenicity, 
and ability to cross biological barriers, including the blood-
brain barrier [60,66]. In addition to serving as natural carriers 
of proteins, lipids, and nucleic acids, EVs can be engineered 
to deliver therapeutic proteins, regulatory RNAs, or genome-
editing systems to specific cell populations. Stem cell-
derived EVs, particularly from mesenchymal stromal cells, 
have demonstrated neuroprotective, immunomodulatory, 
and synaptogenic effects in multiple preclinical neurological 
disease models [66,67].

Importantly, recent work by Penna and colleagues showed 
that administration of wild-type neuron-derived EVs rescues 
dendritic spine abnormalities and significantly improves 
learning and memory in AS mice. Although UBE3A-containing 
EVs may contribute to these therapeutic effects, EV-mediated 
rescue is unlikely to result solely from its restoration. Rather, 
EVs deliver a complex repertoire of proteins, mRNA, and other 
regulatory molecules that coordinately regulate neuronal 
maturation, circuit connectivity, spine formation, and synaptic 
plasticity [26,68]. These findings suggest that EV therapy 
may simultaneously correct multiple pathological pathways 
disrupted by UBE3A deficiency.

Additionally, EVs offer versatility as engineerable delivery 
vehicles. They can be modified to carry specific RNAs, proteins, 
or genome-editing tools such as CRISPR-Cas systems [69,70], 
while surface engineering can enhance uptake by defined 
neuronal or glial populations. In principle, disorders linked to 
synaptic dysfunction or proteostatic imbalance, such as those 
involving UBE3A deficiency, could benefit from EV-mediated 
restoration of regulatory proteins or RNA networks directly 
within the CNS.
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Despite their considerable promise, several challenges must 
be overcome before EV-based therapies can be translated 
into clinical practice. These include large-scale EV production, 
purification and characterization of heterogeneous EV 
preparations, optimization of biodistribution and targeting, 
and establishment of standardized potency and dosing criteria 
[5,71]. In parallel, comprehensive long-term safety studies will 
be essential to evaluate EV biodistribution, persistence and 
potential adverse effects following repeated administration. 
Furthermore, defining the molecular determinants underlying 
EV therapeutic activity will be critical for identifying reliable 
potency markers and generating optimized EV formulations 
suitable for clinical translation. Addressing these challenges 
will be essential for realizing the full therapeutic potential of 
EVs.

Importantly, evidence supporting EV-based therapies in AS is 
currently limited to animal models. While this model improved 
our understanding of the molecular mechanisms underlying 
the disease, the translation to humans remains uncertain. 
Human induced pluripotent stem cell (hiPSC)-derived neurons 
and brain organoids generated from AS patients recapitulate 
key molecular and functional features of the disorder [72–74] 
and provide a valuable platform to evaluate EV cargo, uptake, 
and therapeutic efficacy in a human context. Recent studies 
have demonstrated that EVs can rescue disease-associated 
phenotypes in hiPSC-derived neurons from patients with 
neurodevelopmental disorders [75,76], highlighting the 
utility of these models for validating therapeutic efficacy 
and mechanisms. In the future, AS patient-derived hiPSC 
models may facilitate the understanding of EV pathogenesis, 
biomarker discovery, and provide critical information for the 
development of engineered EV-based therapies.

Concluding Remarks

EVs represent a fundamental mechanism of intercellular 
communication in the CNS, integrating neuronal activity, 
glial signaling, and immune responses to regulate synaptic 
plasticity, metabolic homeostasis, and neural circuit functions. 
Thus, disruption of EV-mediated communication is increasingly 
recognized as a common mechanism contributing to both 
neurodegenerative and neurodevelopmental disorders.

The emerging evidence linking EV dysfunction to synaptic 
and cognitive deficits in AS represents an important 
conceptual advance, suggesting that AS pathophysiology 
extends beyond intracellular consequences of UBE3A 
deficiency to include impaired intercellular communication. 
Current findings support a model in which UBE3A loss disrupts 
endosomal-lysosomal trafficking, leading to abnormalities 
in EV biogenesis, cargo composition, secretion, and uptake, 
ultimately compromising neuronal connectivity and circuit 
maturation.

Future studies should define the molecular mechanisms 
linking UBE3A deficiency to EV dysfunction and determine the 
extracellular functions of UBE3A. In particular, investigating 
how UBE3A, LAMTOR1, and TRPML1 coordinate endolysosomal 
trafficking and EV dynamics may provide important insights 
into the mechanisms underlying Angelman syndrome and 
other neurodevelopmental disorders.

The therapeutic potential of EVs requires further 
investigation. Although the findings from Penna et al. suggest 
that EV delivery of UBE3A rescues dendritic spine maturation 
and cognitive deficits in AS mice, the molecular determinants 
underlying these effects remain to be identified. The observed 
rescue may also involve additional EV cargoes, including 
proteins and regulatory RNAs that contribute to neuronal 
maturation, connectivity, spine formation, and synaptic 
plasticity [26,68]. Notably, several UBE3A substrates, including 
Arc and PEG10 have been identified in EVs and are known to 
regulate intercellular communication and neuronal plasticity 
[46,77], raising the possibility that restoration of EV-mediated 
signaling, rather than replacement of a single protein, 
provides additional therapeutic benefit [78,79]. Future studies 
using human cellular models and patient-derived systems 
will be essential to validate these mechanisms and facilitate 
translation of EV-based therapies into clinical applications.

Collectively, the studies reviewed here support a paradigm 
shift in our understanding of Angelman syndrome. Rather 
than viewing AS solely as a cell-autonomous disorder caused 
by intracellular UBE3A deficiency, accumulating evidence 
indicates that impaired EV-mediated communication is an 
integral component of disease pathophysiology. Although 
emerging evidence supports this non-cell-autonomous 
framework, direct studies are required to establish the causal 
role of EV-mediated intercellular communication in AS and 
to define the molecular pathways involved. This emerging 
perspective not only provides new mechanistic insight into 
neural circuit dysfunction but also identifies EVs as a promising 
avenue for the development of next-generation therapies for 
Angelman syndrome.

Acknowledgements

This work was supported partially by grants MH101703 
from the National Institute of Mental Health (NIMH) to XB 
and NS104078 from the National Institute of Neurological 
Disorders and Stroke (NINDS) to MB. XB is also supported by 
funds from the Daljit and Elaine Sarkaria Chair.

References

1.	 Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, 
microvesicles, and friends. J Cell Biol. 2013 Feb 18;200(4):373–83.

2.	 Théry C, Zitvogel L, Amigorena S. Exosomes: composition, 
biogenesis and function. Nat Rev Immunol. 2002 Aug;2(8):569–79.



Penna E, Baudry M, Bi X. Extracellular Vesicles in Angelman Syndrome: Expanding UBE3A Role beyond a Cell 
Autonomous Mechanism. J Exp Neurol. 2026;7(3):125–134.

J Exp Neurol. 2026
Volume 7, Issue 3 132

3.	 Colombo M, Raposo G, Théry C. Biogenesis, secretion, and 
intercellular interactions of exosomes and other extracellular 
vesicles. Annu Rev Cell Dev Biol. 2014;30:255–89.

4.	 van Niel G, D'Angelo G, Raposo G. Shedding light on the cell 
biology of extracellular vesicles. Nat Rev Mol Cell Biol. 2018 
Apr;19(4):213–28.

5.	 Welsh JA, Goberdhan DCI, O'Driscoll L, Buzas EI, Blenkiron C, 
Bussolati B, et al. Minimal information for studies of extracellular 
vesicles (MISEV2023): From basic to advanced approaches. J 
Extracell Vesicles. 2024 Feb;13(2):e12404.

6.	 van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. 
Challenges and directions in studying cell-cell communication by 
extracellular vesicles. Nat Rev Mol Cell Biol. 2022 May;23(5):369–
82.

7.	 Hurley JH. ESCRT complexes and the biogenesis of multivesicular 
bodies. Curr Opin Cell Biol. 2008 Feb;20(1):4–11. 

8.	 Henne WM, Buchkovich NJ, Emr SD. The ESCRT pathway. 
Developmental cell. 2011 Jul 19;21(1):77–91.

9.	 Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland 
F, et al. Ceramide triggers budding of exosome vesicles into 
multivesicular endosomes. Science. 2008 Feb 29;319(5867):1244–
7.

10.	 Kim MS, Muallem S, Kim SH, Kwon KB, Kim MS. Exosomal release 
through TRPML1-mediated lysosomal exocytosis is required 
for adipogenesis. Biochem Biophys Res Commun. 2019 Mar 
12;510(3):409–15.

11.	 Penna E, Su W, Reece T, Braga M, Shigemitsu H, Ta K, et al. 
Extracellular vesicle dysfunction contributes to synaptic and 
cognitive deficits in a mouse model of Angelman syndrome. 
Prog Neurobiol. 2026 Feb;257:102870.

12.	 Medina DL, Fraldi A, Bouche V, Annunziata F, Mansueto G, 
Spampanato C, et al. Transcriptional activation of lysosomal 
exocytosis promotes cellular clearance. Dev Cell. 2011 Sep 
13;21(3):421–30.

13.	 Tsunemi T, Perez-Rosello T, Ishiguro Y, Yoroisaka A, Jeon S, Hamada 
K, et al. Increased Lysosomal Exocytosis Induced by Lysosomal 
Ca2+ Channel Agonists Protects Human Dopaminergic Neurons 
from α-Synuclein Toxicity. J Neurosci. 2019 Jul 17;39(29):5760–
72.

14.	 Eitan E, Suire C, Zhang S, Mattson MP. Impact of lysosome status 
on extracellular vesicle content and release. Ageing Res Rev. 
2016 Dec;32:65–74.

15.	 Dixson AC, Dawson TR, Di Vizio D, Weaver AM. Context-specific 
regulation of extracellular vesicle biogenesis and cargo selection. 
Nat Rev Mol Cell Biol. 2023 Jul;24(7):454–76.

16.	 Villarroya-Beltri C, Gutiérrez-Vázquez C, Sánchez-Cabo F, Pérez-
Hernández D, Vázquez J, Martin-Cofreces N, et al. Sumoylated 
hnRNPA2B1 controls the sorting of miRNAs into exosomes 
through binding to specific motifs. Nat Commun. 2013;4:2980.

17.	 Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-

Bengtson B, et al. Proteomic comparison defines novel markers to 
characterize heterogeneous populations of extracellular vesicle 
subtypes. Proc Natl Acad Sci U S A. 2016 Feb 23;113(8):E968–77.

18.	 Willms E, Johansson HJ, Mäger I, Lee Y, Blomberg KE, Sadik M, 
et al. Cells release subpopulations of exosomes with distinct 
molecular and biological properties. Sci Rep. 2016 Mar 2;6:22519.

19.	 Budnik V, Ruiz-Cañada C, Wendler F. Extracellular vesicles round 
off communication in the nervous system. Nat Rev Neurosci. 
2016 Mar;17(3):160–72.

20.	 Krämer-Albers EM, Hill AF. Extracellular vesicles: interneural 
shuttles of complex messages. Curr Opin Neurobiol. 2016 
Aug;39:101–7.

21.	 Antoniou A, Auderset L, Kaurani L, Sebastian E, Zeng Y, 
Allahham M, et al. Neuronal extracellular vesicles and associated 
microRNAs induce circuit connectivity downstream BDNF. Cell 
Rep. 2023 Feb 28;42(2):112063.

22.	 Bahram Sangani N, Gomes AR, Curfs LMG, Reutelingsperger CP. 
The role of Extracellular Vesicles during CNS development. Prog 
Neurobiol. 2021 Oct;205:102124.

23.	 Frühbeis C, Fröhlich D, Krämer-Albers EM. Emerging roles of 
exosomes in neuron-glia communication. Front Physiol. 2012 
Apr 30;3:119.

24.	 Frühbeis C, Kuo-Elsner WP, Müller C, Barth K, Peris L, Tenzer S, et 
al. Oligodendrocytes support axonal transport and maintenance 
via exosome secretion. PLoS Biol. 2020 Dec 22;18(12):e3000621.

25.	 Krämer-Albers EM, Werner HB. Mechanisms of axonal support 
by oligodendrocyte-derived extracellular vesicles. Nat Rev 
Neurosci. 2023 Aug;24(8):474–86.

26.	 Solana-Balaguer J, Campoy-Campos G, Martín-Flores N, Pérez-
Sisqués L, Sitjà-Roqueta L, Kucukerden M, et al. Neuron-derived 
extracellular vesicles contain synaptic proteins, promote spine 
formation, activate TrkB-mediated signalling and preserve 
neuronal complexity. J Extracell Vesicles. 2023 Sep;12(9):e12355.

27.	 D'Egidio F, Castelli V, d'Angelo M, Ammannito F, Quintiliani M, 
Cimini A. Brain incoming call from glia during neuroinflammation: 
Roles of extracellular vesicles. Neurobiol Dis. 2024 Oct 
15;201:106663.

28.	 Yakovlev AA. Neuronal Exosomes as a New Signaling System. 
Biochemistry (Mosc). 2023 Apr;88(4):457–65.

29.	 Blanchette CR, Rodal AA. Mechanisms for biogenesis and release 
of neuronal extracellular vesicles. Curr Opin Neurobiol. 2020 
Aug;63:104–10.

30.	 Forero A, Pipicelli F, Moser S, Baumann N, Grätz C, Gonzalez Pisfil 
M, et al. Extracellular vesicle-mediated trafficking of molecular 
cues during human brain development. Cell Rep. 2024 Oct 
22;43(10):114755.

31.	 Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, 
et al. Alzheimer's disease beta-amyloid peptides are released in 
association with exosomes. Proc Natl Acad Sci U S A. 2006 Jul 
25;103(30):11172–7.



Penna E, Baudry M, Bi X. Extracellular Vesicles in Angelman Syndrome: Expanding UBE3A Role beyond a Cell 
Autonomous Mechanism. J Exp Neurol. 2026;7(3):125–134.

J Exp Neurol. 2026
Volume 7, Issue 3 133

32.	 Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. 
Depletion of microglia and inhibition of exosome synthesis halt 
tau propagation. Nat Neurosci. 2015 Nov;18(11):1584–93.

33.	 Danzer KM, Kranich LR, Ruf WP, Cagsal-Getkin O, Winslow AR, 
Zhu L, et al. Exosomal cell-to-cell transmission of alpha synuclein 
oligomers. Mol Neurodegener. 2012 Aug 24;7:42.

34.	 Prada I, Gabrielli M, Turola E, Iorio A, D'Arrigo G, Parolisi R, et al. 
Glia-to-neuron transfer of miRNAs via extracellular vesicles: a 
new mechanism underlying inflammation-induced synaptic 
alterations. Acta Neuropathol. 2018 Apr;135(4):529–50.

35.	 Thompson AG, Gray E, Heman-Ackah SM, Mäger I, Talbot K, 
Andaloussi SE, et al. Extracellular vesicles in neurodegenerative 
disease - pathogenesis to biomarkers. Nat Rev Neurol. 2016 
Jun;12(6):346–57.

36.	 Li Z, Wang X, Wang X, Yi X, Wong YK, Wu J, et al. Research progress 
on the role of extracellular vesicles in neurodegenerative 
diseases. Transl Neurodegener. 2023 Sep 11;12(1):43.

37.	 Stankovic I, Smit P, Cross J, Wolujewicz P, Greening D, Colak D. 
Extracellular vesicle profiling reveals novel autism signatures 
in patient-derived forebrain organoids. Transl Psychiatry. 
2025;15(1):393.

38.	 Bi X, Sun J, Ji AX, Baudry M. Potential therapeutic approaches for 
Angelman syndrome. Expert Opin Ther Targets. 2016;20(5):601–
13.

39.	 Tan WH, Bird LM. Angelman syndrome: Current and emerging 
therapies in 2016. Am J Med Genet C Semin Med Genet. 2016 
Dec;172(4):384–401.

40.	 Albrecht U, Sutcliffe JS, Cattanach BM, Beechey CV, Armstrong D, 
Eichele G, et al. Imprinted expression of the murine Angelman 
syndrome gene, Ube3a, in hippocampal and Purkinje neurons. 
Nat Genet. 1997 Sep;17(1):75–8. 

41.	 Nicholls RD, Knoll JH, Butler MG, Karam S, Lalande M. Genetic 
imprinting suggested by maternal heterodisomy in nondeletion 
Prader-Willi syndrome. Nature. 1989 Nov 16;342(6247):281–5.

42.	 Vu TH, Hoffman AR. Imprinting of the Angelman syndrome gene, 
UBE3A, is restricted to brain. Nat Genet. 1997 Sep;17(1):12–3.

43.	 Rotin D, Kumar S. Physiological functions of the HECT family of 
ubiquitin ligases. Nat Rev Mol Cell Biol. 2009 Jun;10(6):398–409.

44.	 Yashiro K, Riday TT, Condon KH, Roberts AC, Bernardo DR, Prakash 
R, et al. Ube3a is required for experience-dependent maturation 
of the neocortex. Nat Neurosci. 2009 Jun;12(6):777–83.

45.	 Penna E, Pizzella A, Abate N, Conte N, Cimmino F, Mollica MP, 
et al. The serotonin receptor 7 as an emerging target to restore 
altered neuroplasticity in Angelman syndrome. Exp Neurol. 2026 
Jun;400:115689.

46.	 Pandya NJ, Wang C, Costa V, Lopatta P, Meier S, Zampeta FI, et al. 
Secreted retrovirus-like GAG-domain-containing protein PEG10 
is regulated by UBE3A and is involved in Angelman syndrome 
pathophysiology. Cell Rep Med. 2021 Aug 17;2(8):100360.

47.	 Fink JJ, Robinson TM, Germain ND, Sirois CL, Bolduc KA, Ward AJ, 
et al. Disrupted neuronal maturation in Angelman syndrome-
derived induced pluripotent stem cells. Nat Commun. 2017 Apr 
24;8:15038.

48.	 Judson MC, Wallace ML, Sidorov MS, Burette AC, Gu B, van 
Woerden GM, et al. GABAergic Neuron-Specific Loss of Ube3a 
Causes Angelman Syndrome-Like EEG Abnormalities and 
Enhances Seizure Susceptibility. Neuron. 2016 Apr 6;90(1):56–69.

49.	 Patak J, Zhang-James Y, Faraone SV. Endosomal system genetics 
and autism spectrum disorders: A literature review. Neurosci 
Biobehav Rev. 2016 Jun;65:95–112.

50.	 Shao W, Albagli EA, Jansen-West K, Daughrity LM, Tong J, Hysi A, et 
al. Endolysosomal dysfunction impairs proteostasis and induces 
neurodegeneration in vivo. iScience. 2025 Aug 27;28(10):113460.

51.	 Strømme P, Dobrenis K, Sillitoe RV, Gulinello M, Ali NF, Davidson 
C, et al. X-linked Angelman-like syndrome caused by Slc9a6 
knockout in mice exhibits evidence of endosomal-lysosomal 
dysfunction. Brain. 2011 Nov;134(Pt 11):3369–83.

52.	 Sun J, Liu Y, Jia Y, Hao X, Lin WJ, Tran J, et al. UBE3A-mediated p18/
LAMTOR1 ubiquitination and degradation regulate mTORC1 
activity and synaptic plasticity. Elife. 2018 Jul 18;7:e37993.

53.	 Sun J, Liu Y, Hao X, Lin W, Su W, Chiang E, et al. LAMTOR1 
inhibition of TRPML1-dependent lysosomal calcium release 
regulates dendritic lysosome trafficking and hippocampal 
neuronal function. EMBO J. 2022 Mar 1;41(5):e108119.

54.	 Santoni G, Maggi F, Amantini C, Marinelli O, Nabissi M, Morelli 
MB. Pathophysiological Role of Transient Receptor Potential 
Mucolipin Channel 1 in Calcium-Mediated Stress-Induced 
Neurodegenerative Diseases. Front Physiol. 2020 Mar 24;11:251.

55.	 Rappaport J, Manthe RL, Solomon M, Garnacho C, Muro S. A 
Comparative Study on the Alterations of Endocytic Pathways 
in Multiple Lysosomal Storage Disorders. Mol Pharm. 2016 Feb 
1;13(2):357–68. 

56.	 Todkar K, Chikhi L, Desjardins V, El-Mortada F, Pépin G, Germain M. 
Selective packaging of mitochondrial proteins into extracellular 
vesicles prevents the release of mitochondrial DAMPs. Nat 
Commun. 2021 Mar 30;12(1):1971.

57.	 Yang X, Zhang X, Alvin Huang YW. Neuronal UBE3A loss engages 
a TNF-driven neuron-to-microglia axis that promotes synapse 
remodeling. bioRxiv [Preprint]. 2026 May 28:2026.05.27.728269.

58.	 Yang X, Huang YA. Unraveling the Roles of UBE3A in 
Neurodevelopment and Neurodegeneration. Int J Mol Sci. 2025 
Mar 5;26(5):2304.

59.	 Estridge RC, Yagci ZB, Sen D, Johnson TJ, Kelkar GR, Ptacek TS, 
et al. Loss of UBE3A impacts both neuronal and non-neuronal 
cells in human cerebral organoids. Commun Biol. 2025 May 
30;8(1):838.

60.	 EL Andaloussi S, Mäger I, Breakefield XO, Wood MJ. Extracellular 
vesicles: biology and emerging therapeutic opportunities. Nat 
Rev Drug Discov. 2013 May;12(5):347–57.



Penna E, Baudry M, Bi X. Extracellular Vesicles in Angelman Syndrome: Expanding UBE3A Role beyond a Cell 
Autonomous Mechanism. J Exp Neurol. 2026;7(3):125–134.

J Exp Neurol. 2026
Volume 7, Issue 3 134

61.	 Dodge A, Morrill NK, Weeber EJ, Nash KR. Recovery of Angelman 
syndrome rat deficits with UBE3A protein supplementation. Mol 
Cell Neurosci. 2022 May;120:103724.

62.	 Nenninger AW, Willman M, Willman J, Stewart E, Mesidor 
P, Novoa M, et al. Improving Gene Therapy for Angelman 
Syndrome with Secreted Human UBE3A. Neurotherapeutics. 
2022 Jul;19(4):1329–39.

63.	 Adhikari A, Copping NA, Beegle J, Cameron DL, Deng P, O'Geen 
H, et al. Functional rescue in an Angelman syndrome model 
following treatment with lentivector transduced hematopoietic 
stem cells. Hum Mol Genet. 2021 Jun 9;30(12):1067–83.

64.	 Dindot SV, Christian S, Murphy WJ, Berent A, Panagoulias J, Schlafer 
A, et al. An ASO therapy for Angelman syndrome that targets 
an evolutionarily conserved region at the start of the  UBE3A-
AS transcript. Sci Transl Med. 2023 Mar 22;15(688):eabf4077.

65.	 Lee D, Chen W, Kaku HN, Zhuo X, Chao ES, Soriano A, et al. 
Antisense oligonucleotide therapy rescues disturbed brain 
rhythms and sleep in juvenile and adult mouse models of 
Angelman syndrome. Elife. 2023 Jan 3;12:e81892.

66.	 Doeppner TR, Herz J, Görgens A, Schlechter J, Ludwig AK, Radtke S, et 
al. Extracellular Vesicles Improve Post-Stroke Neuroregeneration 
and Prevent Postischemic Immunosuppression. Stem Cells Transl 
Med. 2015 Oct;4(10):1131–43. 

67.	 Xin H, Li Y, Buller B, Katakowski M, Zhang Y, Wang X, et al. 
Exosome-mediated transfer of miR-133b from multipotent 
mesenchymal stromal cells to neural cells contributes to neurite 
outgrowth. Stem Cells. 2012 Jul;30(7):1556–64.

68.	 Sharma P, Mesci P, Carromeu C, McClatchy DR, Schiapparelli L, 
Yates JR 3rd, et al. Exosomes regulate neurogenesis and circuit 
assembly. Proc Natl Acad Sci U S A. 2019 Aug 6;116(32):16086–94.

69.	 Nieland L, Mahjoum S, Grandell E, Breyne K, Breakefield XO. 
Engineered EVs designed to target diseases of the CNS. J Control 
Release. 2023 Apr;356:493–506. 

70.	 Saikia B, Dhanushkodi A. Engineered exosome therapeutics for 
neurodegenerative diseases. Life Sci. 2024 Nov 1;356:123019.

71.	 Kalluri R, LeBleu VS. The biology,  function,  and 

biomedical applications of exosomes. Science. 2020 Feb 
7;367(6478):eaau6977.

72.	 Camões Dos Santos J, Cazaux Mateus F, Arez M, Bekman EP, 
da Rocha ST. Generation of two pairs of induced pluripotent 
stem cells from Angelman syndrome patients with class I 
15q11.2-q13.1 deletions and their unaffected familial controls. 
Stem Cell Res. 2025 Aug;86:103741.

73.	 Maranga C, Pereira C, Raposo AC, Vieira A, Duarte S, Bekman EP, 
et al. Generation and characterization of induced pluripotent 
stem cell line (IBBISTi004-A) from an Angelman syndrome 
patient carrying a class II deletion of the maternal chromosome 
15q11.2-q13. Stem Cell Res. 2022 May;61:102757.

74.	 Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-
Chlieh F, Levine ES, et al. Induced pluripotent stem cell models 
of the genomic imprinting disorders Angelman and Prader-Willi 
syndromes. Proc Natl Acad Sci U S A. 2010 Oct 12;107(41):17668–
73.

75.	 Rike WA, Tripathi U, Hussien Y, Choudhary A, Rajkovic A, Sharma 
O, et al. iPSC-derived extracellular vesicles rescue deficits in 
human and mouse models of Parkinson’s disease. bioRxiv. 2026 
May 26:2026–05.

76.	 Choudhary A, Rosh I, Hussein Y, Netser S, Shemen A, Suliman 
T, et al. Extracellular vesicles from stem cells rescue cellular 
phenotypes and behavioral deficits in SHANK3-associated 
ASD neuronal and mouse models. Cell Death Dis. 2026 Feb 
22;17(1):244. 

77.	 Pastuzyn ED, Day CE, Kearns RB, Kyrke-Smith M, Taibi AV, 
McCormick J, et al. The Neuronal Gene Arc Encodes a Repurposed 
Retrotransposon Gag Protein that Mediates Intercellular RNA 
Transfer. Cell. 2018 Jan 11;172(1-2):275–88.e18.

78.	 Krzeski JC, Judson MC, Philpot BD. Neuronal UBE3A substrates 
hold therapeutic potential for Angelman syndrome. Curr Opin 
Neurobiol. 2024 Oct;88:102899.

79.	 Sell GL, Xin W, Cook EK, Zbinden MA, Schaffer TB, O'Meally RN, 
et al. Deleting a UBE3A substrate rescues impaired hippocampal 
physiology and learning in Angelman syndrome mice. Sci Rep. 
2021 Sep 30;11(1):19414.


