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Abstract 

UBE3A silencing in primates consolidates around birth, leaving paternal UBE3A protein robustly expressed 
throughout early embryonic development. This developmental timing supports a largely postnatal pathogenesis in 
Angelman syndrome (AS) and provides a rationale for therapeutic benefit beyond infancy. Here we review AS 
genetics and imprinting biology, compare human and model-organism developmental timelines, and synthesize 
lessons from numerous AS mouse models, while simultaneously highlighting both their value for defining molecular 
mechanisms, biodistribution, and pharmacology, and their limits for predicting complex human outcomes. We 
summarize therapeutic strategies under evaluation (gene replacement, paternal allele unsilencing via antisense 
oligonucleotides or genome/epigenome editing, and hematopoietic stem-cell–based approaches) and emerging human 
trial results. Across modalities, data support the potential for meaningful rescue when UBE3A is restored postnatally 
across all ages, underscoring persistent circuit plasticity and the need for inclusive, age-spanning clinical trials, 
including newborn to adult ages, guided by rigorous biomarkers and translational endpoints.  

 
Keywords: Neurodevelopmental disorders (NDD), Genomic imprinting, UBE3A, UBE3A-ATS, Postnatal 
neuroplasticity, Mouse models, Biomarkers, Gene replacement therapy (AAV), Antisense oligonucleotides (ASOs), 
CRISPR genome/epigenome editing, Hematopoietic stem-cell gene therapy (HSC-GT), Translational endpoints, Age-
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Introduction 
Neurodevelopmental disorders (NDDs) are distinct 
from traditional neurologic disorders in both etiology 
and progression, emerging primarily from disruptions 
in brain development rather than progressive 
degeneration. While neurologic disorders often arise 

later in life and involve specific regional or systemic 
pathology (e.g., epilepsy, stroke, or neurodegen-
eration), NDDs result from early-life perturbations to 
neurodevelopmental processes such as neuronal 
proliferation, migration, synaptogenesis, and circuit 
refinement. Within the heterogeneous spectrum of 
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NDDs, a critical distinction can be drawn between 
those with prenatal origins and those driven by 
postnatal insults. Prenatal NDDs are often more severe 
and less reversible (Knudsen 2004; Parenti et al. 2020) 
and may arise from early disturbances in maternal 
health or physiology, environmental exposures, or in 
utero stress and genetic disorders that impact early 
brain formation (Lutter et al. 2013; Grandjean et al.  
2014; Bronson et al. 2016). These disruptions interfere 
with critical neurodevelopmental events, including 
cortical layering and axon pathfinding, potentially 
leading to structural and functional brain 
abnormalities that persist throughout life. 
Consequently, prenatal-derived NDDs often present 
with more global and intractable impairments and 
must be addressed by therapeutic strategies that 
require intervention during, or shortly after, gestation 
(Thomason et al. 2021; Thomason et al. 2024; Crider 
et al. 2022). In contrast, postnatal-derived NDDs 
typically reflect disruptions to experience-dependent 
plasticity or synaptogenesis/pruning and functional 
maturation. Though they may involve the same 
genetic risks or environmental factors as prenatal 
NDDs, their later onset likely provides a wider 
window for therapeutic intervention. Many early-life 
factors can interfere with brain plasticity and 
connectivity, shaping behavior over time (Rauh and 
Margolis 2016; Hensch 2005; Hensch et al. 2005; 
Thomason et al. 2024). Because of the brain’s 
continued adaptability after birth, postnatal NDDs 
may be more responsive to treatment during extended 
developmental periods.     

Angelman Syndrome as a model NDD 
Angelman syndrome (AS) is a rare (~1:15,000) 
neurogenetic, developmental disorder caused by the 
loss of ubiquitin ligase E3A (UBE3A) gene expression 
in the brain (Kishino et al. 1997; Matsuura et al. 1997; 
Wagstaff et al. 1992). Individuals living with AS 
typically present with seizures, developmental delay, 
motor dysfunction, a uniquely happy demeanor, 
speech impairment, intellectual disabilities, and sleep 
abnormalities (Wagstaff et al. 1992; Margolis et al. 
2015). While some symptoms of AS may begin in 
early infancy (e.g. feeding challenges), developmental 
delay onset is typically reported between 3-6 months, 
with seizures generally being reported at 
approximately 1-2 years (Williams et al. 2010). 
Genetic confirmation of the disorder generally occurs 

once symptoms have begun, with the improved 
availability of genetic testing meaning a conclusive 
diagnosis is commonly made at 1-2 years old 
(Sadhwani et al. 2024; Sadhwani et al. 2023; Khan et 
al. 2019). Despite the severe and challenging 
neurologic symptoms associated with AS, currently, 
there are no approved disease-modifying therapeutics, 
resulting in a significant clinical unmet need (Wheeler 
at al. 2017).     

The ubiquitin ligase E3A (UBE3A) gene, located in the 
chromosomal region 15q11.2-13, is biallelically 
expressed throughout the body, but is only expressed 
from the maternal allele in neurons due to a process 
called brain-specific genomic imprinting (Rougeulle 
et al. 1998; Albrecht et al. 1997). Imprinting is a gene 
regulatory process occurring in a subset of genes, 
wherein genes from a specific parent-of-origin are 
epigenetically silenced or expressed. Within the 
15q11.2-q13 region, a cluster of genes is regulated by 
a bipartite imprinting center comprised of two 
regulatory elements upstream of UBE3A, the 
Angelman syndrome imprinting center (AS-IC) and 
Prader-Willi syndrome imprinting center (PWS-IC), 
that determine the parent-of-origin expression. Several 
genes within this region have been linked to NDDs, 
including the UBE3A gene, which, when deficient, is 
associated with AS (Matsuura et al. 1997; Kishino et 
al. 1997).  In neurons, paternal UBE3A is silenced due 
to a long non-coding RNA called the UBE3A-
antisense RNA transcript (UBE3A-ATS) that initiates 
at the SNRPN promotor (Meng et al. 2012; Rougeulle 
et al. 1998). Alternatively, on the paternal allele, the 
PWS-IC remains unmethylated allowing for the 
initiation of UBE3A-ATS that is believed to block the 
transcription of the paternal UBE3A gene (Meng et al. 
2012).  

The UBE3A gene spans ~120 kb and encodes for a 100 
kDa ubiquitin protein ligase E3A, an enzyme that acts 
both as a part of the ubiquitin-proteasome system 
designed for proteolysis of targeted proteins and as a 
non-specific transcriptional coactivator of nuclear 
hormone receptors (Yang et al. 2025). UBE3A 
belongs to the HECT (homologous to E6-AP COOH- 
terminus) family of enzymes that act to flag proteins 
for proteasomal degradation via the transfer of a 
ubiquitin tag (Scheffner et al. 1995; Bernassola et al. 
2008; Mishra et al. 2008). Many mutations, including 
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missense, frameshift, and nonsense mutations 
observed in AS affect the C- terminal catalytic domain 
of UBE3A (Tomaic et al. 2015; Christian et al. 1999). 
Additionally, while point mutations are detected 
throughout the entire coding region of UBE3A, many 
clusters frequent that same catalytic region, ultimately 
affecting the ligase activity of UBE3A (Cooper et al. 
2004). Interestingly, the function of UBE3A as a non-

specific transcriptional coactivator is independent of 
its role in the ubiquitin- proteasome system where 
mutations affecting the ligase activity do not change 
the coactivator activity, suggesting the symptoms of 
AS are likely due to the ligase activity where, when 
function is disrupted, unnecessary proteins build up 
and affect neural development and function (Nawaz et 
al. 1999).   

Figure 1. Human chromosome 15q11-13 and the genetic causes of Angelman syndrome. 
Neurotypical: Some genes show mono-allelic expression due to genomic imprinting, meaning one parental copy is expressed (endogenously expressed) and one copy is 
naturally silent (endogenously not expressed). Loss of maternal UBE3A can occur by: (1) Deletions include Del1/Del2 (class 1/2, characteristic breakpoints). (2) Mutation (* 
maternal UBE3A mutations), including truncating changes that stop or severely shorten the protein and missense or small in-frame changes that alter a single amino acid or 
a short stretch of the protein, resulting in reduced or abolished UBE3A function. (3) UPD (paternal uniparental disomy) in which both chromosome 15 copies are paternal, 
causing absent UBE3A and overexpression of MKRN3 to snoRNA genes. (4) ICD (imprinting center defects) occurs when maternal UBE3A fails to turn on, sometimes due to 
mutation or deletion of the AS-IC. ICD is often accompanied by overexpression of paternally expressed genes in 15q11–q13 (MKRN3–SNRPN) (Abnormally unsilenced).  
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There are several molecular mechanisms that can lead 
to the loss of functional UBE3A expression in the 
brain, resulting in AS (Figure 1). The most prevalent 
genetic subtype, accounting for 60-80% of the AS 
population, are de novo interstitial deletions within the 
15q11-13 region on the maternal chromosome. These 
are deletions that are traditionally subclassified as 
Class 1, spanning breakpoint (BP) 1 to BP3 (~6 MB) 
or Class 2 spanning BP2 to BP3 (~5.0 MB), including 
many genes along the 15q11-13 region, including 
UBE3A. Individuals with this genotype generally have 
greater clinical challenges across all of the functional 
domains, including seizures, sleep, cognitive function, 
communication ability, motor ability, and daily living 
skills (Lossie et al. 2001; Gentile et al. 2010; Keute et 
al. 2021), likely due to the loss of the additional genes 
outside of UBE3A. AS can also be caused by mutations 
occurring in the maternal UBE3A gene, which account 
for approximately 10% of all AS individuals 
(Sadhwani 2024) (Figure 1). The discovery of point 
mutations and small intragenic deletions or insertions 
(indels), specifically disrupting maternal UBE3A 
expression and function, helped to establish the causal 
role of UBE3A in Angelman syndrome (Kishino et al. 
1997; Matsuura et al. 1997). Imprinting defects (ICD), 
where the paternal allele methylation patterns are 
repeated on the maternal allele, and paternal 
uniparental disomy (UPD), where two paternal copies 
of UBE3A are inherited resulting in bi-allelic silencing 
of this region, are less common causes of AS and 
account for ~5-10% and 10% of cases, respectively 
(Figure 1) (Sadhwani et al. 2024). These genotypes 
result in a loss of neuronally expressed UBE3A 
protein, similar to the other genotypes, with an overall 
loss of function and clinical features of AS. Finally, 
there are also reported mosaic individuals living with 
AS (Baker et al. 2022; Buiting et al. 1998; Fairbrother 
et al. 2015; Nazlican et al. 2004) where most, but not 
all, cells lack expression of maternal UBE3A.   

Individuals with mosaic maternal UBE3A expression 
often present with a significantly milder phenotype 
(Carson et al. 2019; Punatar et al. 2022) and may be 
precluded from typical diagnostic testing due to an 
atypical clinical presentation or the limited sensitivity 
of current detection technology. Individuals with 
mosaicism have been documented to have between 1-
40% of cells expressing maternal UBE3A peripherally 
(Nazlican et al. 2004).  Based on these estimates, the 

clinical severity seems to be positively correlated with 
peripheral expression, suggesting that a small number 
of neurons expressing UBE3A in the brain could result 
in a milder phenotype than that of the majority of the 
AS population (97-99%) experiencing 100% neuronal 
UBE3A deficiency.  This includes individuals with as 
low as 1-5% of cells expressing maternal UBE3A who 
can speak words or sentences, have minimal to no gait 
disturbances, ataxia, or seizures (Fairbrother et al. 
2015; Punatar et al. 2022; Nazlican et al. 2004).  In 
most of the reports of mosaic individuals, detection of 
maternal expression above 40% has not been 
documented, suggesting that those individuals are 
either minimally impacted or asymptomatic and not 
subject to genetic testing. 

As discussed previously, AS is increasingly 
recognized as a postnatal NDD, with hallmark features 
emerging after birth. At the time of delivery, infants 
with AS typically appear phenotypically normal, 
lacking distinctive dysmorphic features, no known 
brain anatomic abnormalities, and no neurologic 
abnormalities that would prompt immediate 
evaluation. Fryburg et al. (1991) and Zori et al. (1992) 
both describe that prenatal histories, delivery, and 
early neonatal courses are generally unremarkable, 
with clinical signs such as hypotonia, feeding 
difficulties, and developmental delay only becoming 
apparent within the first few weeks to years of life 
(Fryburg et al. 1991; Zori et al. 1992). However, there 
are reported clinical observations of early post-natal 
feeding difficulties, in particular problems 
coordinating sucking and swallowing (Williams et al. 
2010). The full constellation of AS symptoms, 
including severe speech impairment, ataxia, epilepsy, 
and behavioral phenotypes, tends to emerge gradually 
over the first few years as milestones of typical 
neurodevelopment are missed. A more recent case 
report by Dang et al. (2023) further emphasized this 
point by illustrating how identification of atypical and 
subtle early signs, when recognized, can enable earlier 
diagnosis, though such cases remain the exception 
(Dang et al. 2023). Collectively, these findings 
highlight that the postnatal onset of symptoms, 
coupled with a typical appearance and normal brain 
structure, significantly contributes to delayed clinical 
recognition of AS during infancy and supports the 
assertion that AS is associated with potentially normal 
prenatal brain development. 
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These observations correlate with recent work by the 
Philpot laboratory that mapped UBE3A expression and 
UBE3A-ATS dynamics in the developing rhesus 
macaque brain. Using developmental time points 
spanning early gestation (gestation day (GD) 48) 
through late gestation (GD151) and into postnatal life, 
the study revealed that UBE3A protein is widely 
expressed prenatally across neocortical, hippocampal, 
and cerebellar regions, whereas UBE3A-ATS emerges 
progressively during mid-gestation (Gonzalez 
Ramirez et al. 2024). Specifically, UBE3A-ATS 
becomes detectable between GD48 and GD100, 
coinciding with cortical layer maturation, suggesting 
the onset of paternal allele silencing occurs before 
birth in primates. By late gestation, UBE3A-ATS is 
seen across cortical neurons, and postnatally this 
silencing pattern persists, with UBE3A-ATS 
expression restricted to neurons and absent in 
astrocytes. While the UBE3A-ATS is detected in late 
gestation, the extent of the ATS influence on paternal 
UBE3A expression, or brain region specificity, 
remains unknown. However, these data suggest that 
UBE3A silencing is primarily a postnatal event, which 
is supportive of the categorization of Angelman 
syndrome as a postnatal neurodevelopmental 
disorder.   

Considering the distinction between prenatal and 
postnatal NDDs, Angelman syndrome (AS) provides a 
compelling example of a condition for which postnatal 
intervention may provide a meaningful benefit, and 
the fluidity of a critical age window of clinically 
meaningful benefit in the human brain should be 
strongly considered. Although AS has a genetic origin, 
it does not exhibit the irreversible structural brain 
malformations often associated with other severe 
prenatal NDDs. Instead, evidence from multiple 
studies in well-characterized animal models, as well as 
emerging clinical trial data in humans, suggests that 
functional deficits in AS may be significantly 
impacted even when intervention occurs postnatally, 
even into adulthood. Ideally, prenatal intervention 
would have the potential to address neuronal 
dysfunction before paternal UBE3A silencing, 
avoiding the development of any symptoms 
postnatally. However, there is abundant evidence that 
the prospect for potential meaningful benefit with 
postnatal treatment is strong.  

Understanding the potential of therapeutic 
interventions to impact AS requires an understanding 
of the strengths and limitations of commonly used pre-
clinical models and the differences between human 
and rodent brain development.  This article will review 
the use of animal models in AS as critical tools for 
demonstrating proof of concept and prospects for 
benefit for various therapeutic modalities. These tools 
should be used as a mechanism for supporting 
potential efficacy, considering many variables, one 
being age, and another being the complexity of 
species.  These models provide a tractable system for 
studying gene-dosage sensitivity, circuit plasticity, 
and the potential reversibility of behavioral 
phenotypes at different time points, with different 
anatomical targets and routes of administration.  By 
leveraging the temporal and mechanistic benefits 
represented by these models, researchers have gained 
a general understanding of the efficacy parameters, 
biodistribution, pharmacokinetics, and translational 
potential of emerging therapeutic strategies for this 
population.  However, it is important to recognize that 
a meaningful improvement in symptoms impacting the 
lives of individuals and their caregivers living with 
Angelman syndrome from a therapeutic intervention 
can be nuanced, and a complete reversal of all 
symptoms, albeit the ultimate goal, is not necessarily 
the only benchmark.  Thus, expectations for the timing 
and magnitude of benefit in humans should reflect the 
greater complexity and far longer learning trajectory 
of the human brain relative to the mouse.  

Developmental Windows in Model  
Animals in Relation to Humans: 
Understanding the developmental trajectory of mice 
vs. humans is critical, both for contextualizing 
research done in model animals, and for drug 
discovery and development.  The most common 
vertebrate model species, mice, have a similar 
progression of neurodevelopmental processes to 
humans and non-human primates, albeit on a 
significantly compressed time scale with far less 
complexity (Table 1).  While the basic sequence of 
neural maturation, synaptogenesis, and circuit 
refinement is broadly conserved across mammals, 
mice undergo these events over a significantly shorter 
timescale relative to humans, making comparisons of 
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the timing of therapeutic interventions incredibly 
challenging.  

For example, many of the neurodevelopmental 
processes that occur prenatally in humans take place 
postnatally in mice (Semple et al. 2013; La Manno et 
al. 2021). The first three postnatal weeks (postnatal 
day (P)1-21) in the mouse correspond roughly to the 
late third trimester through the first year of human life. 
In mice, this period is needed for modeling early-life 
sensory, motor, and cognitive development. This 
corresponds with the emergence of reflexes and 
voluntary motor behavior (e.g., righting, grasping, 
locomotion) that occurs between P7 and P14. Early 
tactile input via whisker stimulation is essential for the 
structural organization of the barrel cortex by P5, 
which can be compared to the role of early tactile and 
proprioceptive input involved in human 
somatosensory maps during the prolonged neonatal 
period.  

Finally, while mice lack a direct equivalent of human 
speech, neonatal ultrasonic vocalizations (USVs) offer 
a primitive model for early vocal-motor integration 
and social communication. Mouse pups begin to emit 
ultrasonic vocalizations (USVs) within the first few 
hours after birth, typically starting around P1 (Pranic 
et al. 2022; Caruso et al. 2022). These early 
vocalizations are most prominent between P3 and P12, 
with the structure and complexity of USVs changing 
in adulthood (post P21), yet vocalization in humans as 
a mode of early vocal-motor integration and social 
communication generally starts at approximately 2-4 
months of age with cooing and squealing with first 
words generally occurring between 10 and 18 months 
of age (Kuhl et al. 1996; Werwach et al. 2021).   

In mice, brain development is highly specialized to 
support rapid postnatal maturation and immediate 
survival in a predatory environment. As prey animals, 
mice undergo accelerated neurodevelopmental 
processes that prioritize sensory acuity, spatial 
navigation, and threat detection. These functions rely 
on the hippocampus and may explain why the relative 
volume of the rodent hippocampus is 7-10 times larger 
than humans. For mice, the size and fast development 
of the hippocampus facilitates the swift formation of 
spatial memory and contextual awareness, enabling 
them to recognize, avoid, and escape predators soon 
after birth (Semple et al. 2013; La Manno et al. 2021).  

Development of the human brain is substantially more 
complex, and occurs during both the pre- and postnatal 
periods, with certain stages being sensitive to 
environmental influences. Human brain development 
is characterized by prolonged postnatal plasticity and 
neoteny, supporting extended learning, complex 
socialization, and cognitive flexibility rather than 
immediate survival responses. The human 
hippocampus develops more gradually within a 
context of caregiver dependency and enriched social 
environments.  This significant difference in 
developmental focus and timing between humans and 
mice means that direct translation of neurobehaviors 
and developmental milestones in mouse models is of 
limited utility for understanding human 
neurodevelopmental timelines and adaptive priorities, 
and care must be taken when attempting to draw 
developmental parallels between the two species 
(Semple et al. 2013).  

In humans throughout the first two years of life, there 
are specific developmental periods that allow for the 
proper formation of neural circuits and the refinement 
of various skills. A number of these periods can be 
correlated with AS symptomology, for example, 
primary sensory systems, language development, and 
motor development. During the first two years of life, 
the human brain undergoes maturation of its primary 
sensory systems, including vision, hearing, and 
somatosensation (Hadders-Algra 2018). Motor 
development during the first two years of life 
represents a foundational component of 
neurobehavioral maturation and is characterized by 
the rapid emergence and refinement of both gross and 
fine motor skills. This period coincides with 
substantial growth in the central and peripheral 
nervous systems, including processes such as 
myelination of corticospinal tracts, maturation of 
motor cortices, and the establishment of sensorimotor 
integration pathways. Finally, language acquisition in 
humans occurs over a long period of time, but the 
greatest growth is thought to be within a well-
characterized period spanning from approximately six 
months to seven years of age, during which the brain 
demonstrates exceptional neuroplasticity in response 
to linguistic input (Hadders-Algra 2018).    

These general developmental periods can be broken 
down further as they represent temporally sensitive 
periods during which the somatosensory, motor, and 
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speech systems exhibit refined neuroplasticity, 
rendering them especially receptive to experiential 
shaping (Dehaene-Lambertz et al. 2015). During these 
phases, the brain’s rapid synaptogenesis, myelination, 
and pruning processes are tightly coupled with 
sensorimotor experiences and linguistic exposure. 
This allows for the necessary calibration of specific 
neural circuits underlying touch, voluntary motor 
activation, and phonological encoding (Dehaene-
Lambertz et al. 2015).  

These developments can be broadly correlated with 
similar milestones in mice or humans (Table 1); 
however, drawing strong parallels of such complexity 
or time periods between human and mouse brain 
development is challenging.  The human brain 
continues to develop, mature, and acquire skills well 
into adulthood, with neuroplasticity being somewhat 
dependent on environmental conditions (Pauwels et al. 
2018; Gooijers et al. 2024). The most striking example 
of brain plasticity in adulthood is observed in adults 
who experience ischemic stroke (Dabrowski et al. 
2019), or traumatic brain injury (Zotey et al. 2023), in 
which skills lost to damage can be regained following 
cognitive, motor, and sensory retraining (Zotey et al. 
2023).    

There are also multiple examples of skill acquisition 
in adulthood in the absence of injury, including 
learning a new language, adopting new technology, 
and managing chronic disease (Reed et al. 2014; 
Moxley et al. 2022; Sharit et al. 2020).  These common 
instances of skill acquisition in adults suggest that the 
human brain continues to adapt and change throughout 
life, and thus, the consideration that therapies for 
NDDs may only be effective if delivered to young 
children near or before birth may not be valid.   

The challenge in the interpretation of mouse 
developmental milestones is compounded when 
considering AS.  Angelman syndrome is represented 
with an incredibly heterogeneous symptomology that 
is counter to deprivation studies and acute interruption 
of specific developmental windows (Margolis et al. 
2015; Buiting et al. 2016). As an example, the lack of 
speech is one of the most universal characteristics of 
AS. However, quantitative measurements of 
communication ability in AS patients show that 
language is acquired by AS patients, but verbalization 
is hindered (Pearson et al. 2019). This suggests that a 

circuitry challenge is at least partially responsible for 
the lack of speech and not necessarily a disruption in a 
critical developmental period.   There is no direct 
correlation to this possible circuitry challenge that can 
be reliably assessed in mice, past measurements of 
ultrasonic vocalization, which do not report on 
comprehension or acquisition of vocalization.  Similar 
challenges exist for comparisons of fine and gross 
motor skills, cognition, and anxiety-like 
behaviors.  Further, the individual models themselves 
have conditions and limitations that must be 
considered when interpreting data obtained for true 
human translation.     

Despite species differences and challenges with model 
comparisons, the AS mouse models have proved 
invaluable for demonstrating proof of concept for 
potential AS therapeutics and have provided important 
information about the feasibility of various treatment 
modalities as a translational model for drug 
development. What has been most challenging is 
drawing any strong conclusions when assessing how 
they may relate to the timing and impact of specific 
interventions.   

Weeber and colleagues demonstrated that expression 
of a mutant form of CaMKII, a critical synaptic 
plasticity protein, could rescue long-term potentiation 
(LTP) and memory deficits in adult Ube3a-deficient 
mice (van Woerden et al. 2007), even though this 
transgene is not expressed during prenatal brain 
development. This finding supports the suggestion that 
key synaptic and behavioral phenotypes in AS can 
potentially be restored postnatally, and what has been 
considered an early “critical developmental window” 
is perhaps wider, more dynamic, and far more 
complex in higher species than originally thought in 
the rodent. This postnatal rescue highlights the broader 
therapeutic relevance of understanding the timing of 
pathogenic mechanisms in NDDs, and all disorders 
should not be considered equal.   

In AS, synaptic dysfunction and circuit-level 
abnormalities appear to arise not from primary 
prenatal architectural disruptions, but rather from later 
deficits in synaptic plasticity, learning, and memory. 
These features position AS within the subset of NDDs 
that retain substantial developmental plasticity and 
therefore may potentially be more responsive to 
therapeutic interventions during extended postnatal 
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periods. These translational implications are 
significant and should be kept in mind in the context 
of this review; if underlying circuit integrity remains 
sufficiently intact to respond to therapeutic 
modulation, AS may be strongly amenable to 
treatment at multiple stages postnatally, resulting in 
clinically meaningful impact to individuals living with 
the disorder.   

Stage Mouse Human 

Prenatal  0–2.9 weeks gestation 
(E0–E19/20)  

0–40 weeks gestation  

Neonatal  0–1 week postnatal  
(P0–P7)  

0–4 weeks postnatal  

Juvenile  ~2–4 weeks  
(P14–P28)  

~4 weeks–520 weeks 
(~10 y)  

Adolescent  ~4–8.6 weeks  
(P28–P60)  

~520–988 weeks (~10–
19 y)  

Adult  ≥8.6 weeks (≥P60)  ≥1040 weeks (≥20 y)   

The Mouse Models:  Features and 
Limitations 
There have been several transgenic mouse models 
generated since the discovery of UBE3A as the genetic 
cause of AS, all of which demonstrate some features 
relevant to the phenotypes observed in individuals 
living with AS.  The AS mouse models have been 
instrumental in elucidating the molecular and circuit-
level mechanisms underlying this NDD, providing a 
platform for evaluating genetic disruptions and 
therapeutic interventions. Following the generation of 
the AS mouse models, behavioral assays were 
commonly used to probe functional domains relevant 
to human symptoms, such as social interaction, 
communication, learning and memory, motor 
coordination, seizures, and anxiety-like behaviors. 
These paradigms were selected to approximate core 
features of NDDs in general and AS specifically, 
rather than attempt to replicate specific human 
behaviors. However, the translation of mouse behavior 
to human phenotypes is inherently limited by species-
specific differences in brain structure, cognitive 
capacity, and behavioral complexity. Simplified 
behavioral tasks often lack the nuance necessary to 
capture the multifaceted nature of human symptoms, 
and interpretation can be confounded by factors such 

as motor deficits or sensory alterations. For example, 
severe motor defects or anxiety in a mouse model can 
create serious interpretation caveats when evaluating 
more complex cognitive tests, like the hidden platform 
water maze or associative fear conditioning.  A 
summary of the battery of behavioral, cognitive, 
motor, and physical tests used to characterize 
phenotypes and probe phenotypic changes is shown in 
Table 2.    

In the domain of cognition, learning, and memory, the 
novel object recognition test assesses recognition 
memory through spontaneous exploration, 
capitalizing on rodents’ innate preference for novelty; 
this task predominantly engages the perirhinal cortex 
and hippocampus. Contextual and cued fear 
conditioning engage associative learning mechanisms, 
especially hippocampal, amygdala, and medial 
prefrontal cortical circuits, by pairing a neutral 
stimulus with an aversive event and measuring 
subsequent conditioned freezing responses. The 
Morris water maze provides a robust measure of 
spatial learning and memory, requiring hippocampus-
dependent navigation to a hidden platform based on 
distal spatial cues. Similarly, the Y-maze assesses 
working memory and exploratory behavior via 
spontaneous alternation, implicating prefrontal 
cortical and hippocampal function.  

Motor coordination and balance are evaluated through 
a range of assays targeting cerebellar, basal ganglia, 
and sensorimotor cortical pathways. The accelerating 
rotarod quantifies balance and motor learning by 
measuring latency to fall from a rotating rod, with 
contributions from the cerebellum, motor cortex, and 
striatum. DigiGait™ provides high-resolution gait 
dynamics through computerized treadmill analysis, 
sensitive to both gross and subtle motor impairments 
associated with dysfunction in corticospinal, 
cerebellar, and brainstem locomotor circuits. The open 
field test, although often interpreted in anxiety 
contexts, also yields information on general 
locomotion driven by basal ganglia and motor cortex 
integrity.  Beam walking evaluates fine motor 
coordination and balance, particularly under narrow or 
irregular beam conditions, and depends on cerebellar, 
vestibular, and proprioceptive integration. Hindlimb 
clasping, while often associated with motor deficits 
linked to corticospinal tract and cerebellar 
dysfunction, may also be an indirect marker of neuro- 

Table 1. Mouse–human life stage comparison and notation.  
E = embryonic day (mouse, from conception); P = postnatal day (mouse, from 
birth, P0). Stage labels: prenatal, neonatal (birth~4 weeks human; P0–P7 
mouse), juvenile (~P14–P28 mouse), adolescent (~P28–P60 mouse; ~10–19 
years human), adult (≥P60 mouse; ≥20 years human).  
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Table 3. Summary of key phenotypes reported in AS mouse models. KO= knockout, EEG = electroencephalography, REM = rapid eye movement, GABAergic = referring to 

neurons using the major inhibitory transmitter GABA, m−/p+ = maternal allele mutated/absent, paternal allele present.   
 
 

Table 2. Mouse testing reference. AS= Angelman syndrome, WT= wild type, EEG= Electroencephalography, REM= rapid eye movement, NREM= non-rapid eye movement  

 
 
 
 

 

Correlation with human AS 
phenotype

Brain Region(s) 
Engaged,

Phenotype in AS miceDescriptionWhat it MeasuresAssayCategory

Individuals with AS have gross and 
fine motor challenges, including gait 

disturbance, ataxia, spasticity, 
uncoordinated movements, and 

compromised balance.  Individuals 
with AS also have dysregulated sleep 

spindles, which impacts ability to 
acquire new motor skills.

Angelman syndrome individuals have 
reduced muscle coordination and 

reduced fine motor skills resulting in 
reduced ability to steadily grip 

objects.

Cerebellum, striatum, 
cortex

AS mice lack balance and coordination, do not stay on the 
rotarod for as long as WT  mice

Rotating tube that the mice must balance on for timed periods
Balance, coordination, motor learning, 

muscle tone
Rotarod

M
ot

or

Cerebellum, striatum, 
cortex

AS mice are less mobile and do not explore the open space as 
much as WT mice

An enclosed area in which voluntary movement around the 
space is recorded

Exploratory behavior and movement 
ability

Open field

Cerebellum, striatum, 
cortex

AS mice take longer to cross and are more prone to falling than 
WT mice.

A thin rod the mouse is forced to walk across
Balance, coordination, gross and fine 

motor skills
Balance Beam

Cerebellum, striatum, 
cortex

AS mice have a different gait pattern in the hind or fore limbs 
compared to wildtype littermate controls

Treadmill that records paw patterns and walking speed
Physical characteristics of  stride 

length, width, and pressure 
distribution on foot and motor learning

DigiGate™

Hypothalamus and 
preoptic region

AS mice do not build complex nests, in many cases they appear 
unable to manipulate the material into a recognizable structure 

or nest

Individually housed mice are given a pre-weighed amount of  
nesting material; After a set time, the amount of  material that 

has not been used to build a nest is weighed

Natural drive to build a shelter from 
available materials representing innate 
behaviors as well as motor skills and 

cognition

Nest Building

Hippocampus, limbic 
system

AS mice on average bury fewer marbles than WT mice.  This may 
be at least partially due to motor and coordination impairments 

AS mice display.  The contribution of  anxiety to the difference 
between AS and WT mice is likely minimal

The mouse is placed in an enclosed area with a set of  
exposed marbles; The mouse is observed for a fixed time and 

the number of  buried and partially buried marbles are 
counted

Used to assess repetitive burying 
behaviors and anxiety-like behaviors.  

Act of  burying requires motor 
coordination.  

Marble Burying 

Motor cortex, 
premotor cortex, 

supreamarginal gyrus

AS mice generally exhibit reduced grip strength, however the 
differences are variable and are highly dependent on animals 

age, weight, and strain background

Mice are made to grasp a metal rod equipped with a force 
gauge that measures the maximum force used to resist a 
counter force (pulling).  A variation of  the assay has mice 
induced to grip on to a wire grid, which is then inverted so 

the mouse is suspended in the air, and the time required for 
the mouse to fall is recorded

Assesses muscle strength and motor 
deficits

Grip Strength 

Cerebellum, basal 
ganglia, neocortex

AS mice usually display severe hindlimb clasp and significant 
reduction in "splay" of  their hindlimbs.

Mice are suspended by their tails to observe the position of  
their hind limbs.  Increased clasping is indicative of  

neurological impairment.

Assesses motor coordination and 
neurological impairment

Hindlimb clasping

AS individuals have cognitive delays. 
Individuals with AS have short 

attention spans.  Memory, sleep, 
language and behavior are all 

delayed relative to neurotypically 
developing peers

Hippocampus, cortex
WT mice prefer exploring a novel object to a familiar object, AS 

mice show a similar preference for both familiar and novel objects

An enclosed container in which the mouse is presented with a 
familiar object and a new object; Time mouse spends 

engaging with the novel object is recorded.

Exploratory behavior, memory, 
recognition of  new items

Novel Object 
Recognition

Le
ar

ni
ng

 a
nd

 M
em

or
y

Hippocampus, cortex
AS mice are less reactive to stimulus than WT mice under identical 

conditioning regimens

A test in which a stimulus (e.g. a bell ringing) is followed by 
an unpleasant sensation (mild electrical shock); With training, 

mice learn to associate the first stimulus with the following 
sensation and react to the stimulus

Association of  a stimulus with an 
unpleasant sensation

Fear Conditioning

Hippocampus, cortex
AS mice take longer to find the hidden platform relative to WT 

mice with identical conditioning regimens.

A swimming pool with a hidden platform surrounded by 
specific pictures, mouse learns to associate the orientation of  

the pictures with the location of  the platform and swims to 
the platform faster each time they are placed in the pool

Exploratory behavior pattern 
recognition

Morris Water Maze

Hippocampus, 
prefrontal cortex.

AS mice are less likely to alternate between arms relative to WT 
mice with identical conditioning regimens.

Animals are placed in a maze with three arms and their 
tendency to alternate between arms is recorded; A higher 

percentage of  alternation indicates better memory
Spatial memory, short term memoryY-Maze

AS individuals have challenges with 
fine and gross motor skills.   

Challenging behaviors are often 
observed in individuals with AS. 

Hyperactivity is commonly reported 
in individuals with AS 

AS individuals have challenges 
building or organizing a space, i.e. 
building a Lego set or cleaning up a 

room

AS individuals may exhibit more risky 
behaviors, potentially not 
understanding safety risks

Hippocampus, limbic 
system

AS mice on average bury fewer marbles than WT mice.  However, 
the contribution of  anxiety to the difference between AS and WT 
mice is likely minimal, and the reduced burying activity can be 

attributed to motor coordination deficits in the AS mice. 

The mouse is placed in an enclosed area with a set of  
exposed marbles; The mouse is observed for a fixed time and 

the number of  buried and partially buried marbles are 
counted

Used to assess repetitive burying 
behaviors and anxiety-like behaviors.

Marble Burying

Be
ha

vio
r

Hypothalamus and 
preoptic region

AS mice do not build complex nests, in many cases they appear 
unable to manipulate the material into a recognizable structure 

or nest

Individually housed mice are given a pre-weighed amount of  
nesting material; After a set time, the amount of  material that 

has not been used to build a nest is weighed

Natural drive to build a shelter from 
available materials representing innate 
behaviors as well as motor skills and 

cognition.

Nest Building

Amygdala and 
hippocampus

AS mice spend less time exploring the light side of  the enclosure 
than WT mice, however these results may be confounded by the 
decreased locomotion and exploration behaviors observed in AS 

mice

The mice are placed in a container that has a "light/open" 
side and a "Dark/enclosed" side.  The test then records how 
many times the mouse enters the "light/open" side; Anxious 
or behaviorally delayed animals will spend less time in the 

light

Assesses exploratory behavior and 
anxiety behaviors

Light/Dark

Limbic system and 
cortex

AS mice have mobility deficits and this may be reflected in their 
ability to swim for long periods of  time; Due to these confounding 

mobility issues the test is instead used to measure how stress 
affects behavior in AS mice and is not directly related to 

depressive behavior

Mice are placed in a cylindrical tank from which they cannot 
escape; The time spent immobile vs. treading water/swimming 
is recorded; Longer periods of  immobility vs activity indicate a 

depressive/stress state

Assesses depressive behavior, and can 
also be used to evaluate stress 

response
Forced Swim

Angelman syndrome individuals can 
exhibit a failure to thrive, are smaller 

in stature on average than age-
matched peers without AS, exhibit 

scoliosis, and can exhibit 
microcephaly.

AS individuals often have disrupted 
sleep patterns with more frequent 

sleep/wake cycles, reduced periods 
of  REM and NREM, and 

hyperexcitability

N/A

AS mice are be influenced by strain background, genetic model 
and sex; General trends have observed that AS mice start out 
smaller than their WT littermates but that as they age the mice 

become overweight

Mice are weighed and measured from birth to death
Quantitative measurement of  body 

weight and length
Growth

De
ve

lo
pm

en
ta

l a
nd

 P
hy

si
ca

l

Whole Brain

AS mice exhibit reduced brain weight (microcephaly) when 
compared with WT mice of  the same age.  Brain weight 

differences become apparent as soon as P5 and is not related to 
overall body weight.

Brains of  mice are weighed at different developmental stages
Quantitative measurement of  brain 

weight
Microcephaly

Hypothalamus
AS mice exhibit disrupted sleep patterns with shorter REM and 
NREM periods, reduced sleep pressure and altered circadian 

rhythms when compared to littermate controls.

Gross measurements can be made by monitoring behavior 
and sleep/wake patterns.  EEG is used to observe 

disturbances in REM and NREM sleep patterns.

Assesses disturbances in normal 
sleep/wake cycles

Sleep

Sl
ee

p 

AS individuals display high amplitude 
delta and theta waves, mixed with 
epileptiform discharges that are 

significantly different from non-AS 
age-matched individuals.

AS individuals often have seizures, 
including myoclonic, atonic, atypical 

absence, and generalized tonic-
clonic seizures

Cortex, hippocampus
AS mice exhibit increased power in low-frequency delta and theta 

oscillations, spontaneous epileptiform discharges (polyspikes) 
and altered sleep patterns when compared to WT animals

Electrodes are implanted into the skull and capture electrical 
activity while the mice move freely

Assesses electrical activity in the brainEEG

El
ec

tr
oe

nc
ep

ha
lo

gr
ap

hy
/

Se
iz

ur
es

Cortex
AS mice demonstrate heightened susceptibility to seizures 

following stimuli
Seizures are induced by exposure to chemical or auditory 

stimuli and subsequent seizure activity is recorded
Assesses seizure susceptibility and 

epileptogenesis
Induced seizure
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-degeneration or heightened limbic system 
reactivity. Additionally, nest building, a goal-directed, 
ethologically relevant behavior, is often disrupted in 
models of motor dysfunction, motivational deficits, or 
social-cognitive impairment, implicating a broader 
network involving the prefrontal cortex, hippocampus, 
and hypothalamus.  

In the assessment of anxiety-like behaviors, several 
paradigms are employed, though they are interpreted 
cautiously due to species-specific ethological factors.  
The open field test evaluates thigmotaxis, with 
reduced center exploration often taken as an index of 
anxiety and linked to activity in the amygdala and 
prefrontal cortex.  The forced swim test, traditionally 
used to assess behavioral despair, can also reflect 
stress reactivity and is associated with activity in the 
anterior cingulate cortex, prefrontal cortex, and locus 
coeruleus.  The marble burying task, thought to reflect 
repetitive or anxiety-related behavior, involves 

quantifying the number of marbles buried over a fixed 
period and may involve striatal, orbitofrontal, and 
amygdalar circuits.   

Seizure propensity and electrophysiological 
abnormalities are critical in models with underlying 
hyperexcitability or synaptic dysregulation.  
Behavioral observation of spontaneous or induced 
seizures, often scored using Racine scales, provides a 
functional readout of seizure susceptibility, typically 
originating in hippocampal, entorhinal, or neocortical 
circuits. Concurrent or standalone EEG recordings 
offer objective, high-resolution data on interictal 
spikes, epileptiform activity, and broader network 
synchrony disruptions, forming an essential bridge 
between behavior and underlying circuit-level 
pathology involving thalamocortical and limbic 
networks.   

Assessment of communication in mouse models is 
challenging; however, ultrasonic vocalizations 

Sleep Seizure/EEG Motor / Cognitive / Behavior Genetic Lesion Model (year) 

Exhibits fragmented sleep, 
shortened total sleep 
duration, disrupted REM 
architecture, and dampened 
expression of core circadian 
genes in the 
suprachiasmatic nucleus

Susceptible to seizures (audiogenic, 
chemoconvulsant and handling-induced). 
Exhibits abnormal EEG patterns, 
including high-amplitude spike-wave 
discharges, elevated delta power, and 
altered cortical rhythms

Exhibits ataxia and reduced coordination
Impaired open field tasks
Exhibits impaired nest building 
Deficiencies in forced swim 
Impaired marble burying tests
Deficient in Rotarod and wire hang tasks 
Impaired in contextual fear conditioning, water maze and novel 
object recognition.
Enhance nociception to mechanical and heat stimulation
Adult Obesity
Impaired long-term potentiation (LTP)

Ube3a maternal null 
(m−/p+) due to exon 2 
deletion

Jiang (1998) 

Not reported 
Exhibits spontaneous seizures and 
increased seizure susceptibility
Exhibits abnormal EEG spike-wave 
discharges

Deficient in rotarod task
Impairments in Morris water maze
Impairment in contextual fear conditioning
Exhibits elevated ultrasonic vocalizations and anxiety-like 
behaviors in light/dark box. 

∼1.6 Mb deletion 
(Ube3a–Gabrb3) Jiang (2010)

Not reported 
Exhibits abnormal EEG including 
intermittent spike-wave discharges of 
variable frequency

Deficient in Rotarod and bar-crossing tasks
Impairment in water maze
Impairment in contextual fear conditioning 

Exon-based maternal 
Ube3a mutation Miura (2002)

Not reported 

Exhibits GABA-ergic Ube3a dependent 
increased susceptibility to audiogenic 
induced seizures 
Exhibits abnormal EEG including elevated 
delta power and spontaneous epileptiform 
activity

Not reported 
Floxed exon 7 
conditional Ube3a
KO 

Judson (2016) 

Not reported Increased susceptibility to audiogenic 
seizures

Deficient in Rotarod 
Impaired open field tasks
Exhibits impaired nest building 
Deficiencies in forced swim 
Impaired marble burying tests

Intron5 STOP 
cassette 

Silva-Santos 
(2015)

Not reported 
Exhibits shift in synaptic 
inhibition/excitation balance
Increased susceptibility to seizures

Deficient in Rotarod 
Impaired open field tasks
Exhibits impaired nest building 
Deficiencies in forced swim 
Impaired marble burying tests

GABAergic-specific 
Ube3a knockout 

Avagliano
Trezza (2019) 

Exhibits selective reduction 
of REM sleep.

Exhibits abnormal power spectral 
densities and altered EEG rhythms in the 
frontal and somatosensory cortices.  

Not reported Novel Ube3a
mutation Lee (2023) 

Not reported 

Exhibits spontaneous seizures  
Increased sensitivity to seizure induction 
Increased frequency and duration of spike 
trains relative to Ube3am-/p+ animals (Jiang 
1998)

Deficient in Rotarod 
Impaired open field tasks
Deficient in novel object recognition 
Impaired marble burying. 

~6 Mb deletion 
15q11.1-q13.1Jiang (2025)

Males exhibited increased 
latency to first corner visit 
and first lick during light/dark 
phases

Details not described

Deficient in rotarod task 
Altered gait with DigiGait analysis  
Reduced activity in open field test 
Impaired nest building

Deletion of entire 
mouse Ube3a geneSyding (2022)

Table 3. Summary of key phenotypes reported in AS mouse models.  AS=Angelman Syndrome, LTP= long-term potentiation, EEG = Electroencephalography, REM = rapid eye 
movement.   
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(USVs) have been utilized to observe deficits in 
communication in Ube3am-/p+ mice when compared to 
WT animals (Jiang et al. 2010).  Ultrasonic 
vocalizations are used by mice to communicate for 
numerous reasons, including pup/parent interactions 
and interactions with potential mates, as well as during 
periods of distress.   Recent work by Guoynes et al. 
demonstrated that male Ube3am-/p+ mice make fewer 
USVs than male WT mice during courtship, and that 
the spectral properties and complexity of the USVs 
were different in male Ube3am-/p+ animals relative to 
male WT animals (Guoynes et al. 2025). Similarly, 
Ube3am-/p+mice produce fewer USVs during distress 
than their WT counterparts, and USV production 
during distress was not sex-linked (Guoynes et al. 
2025).  These data suggest that differences in USV can 
distinguish between Ube3am-/p+ and WT mice, 
however, the specific protocols used to do the 
assessments must be standardized to make accurate 
comparisons, and whether the observed changes in 
USV frequency and complexity can be impacted by 
treatment remains to be seen (Guoynes et al. 
2025).   In addition, USV cannot be considered a 
direct comparison to the lack of verbal development in 
individuals with AS, as USV does not report on 
comprehension or acquisition of vocalization.   

The mouse models have been essential to gaining a 
greater understanding of AS, and the molecular 
mechanisms which drive phenotypic expression. 
However, as with many disease-model animals, 
specific phenotypes and the degree to which they 
manifest is highly dependent on both the way in which 
Ube3a is removed or decreased, and the background 
mouse strain, making comparisons between the 
different models challenging.  These challenges are 
compounded when attempting to compare the effects 
of different therapeutic interventions, as the observed 
efficacy may be significantly influenced not only by 
the model itself, but by the route of administration of 
the therapeutic, the overall biodistribution, the volume 
of drug given, the duration of time after treatment the 
phenotype is analyzed, and the age of the animal at the 
time of treatment and at the time of assessment.  In 
addition, the methods, cohort sizes, and experience of 
the operators performing the behavioral tasks on the 
animals can influence the outcome of the comparisons.  
In this section, we present an overview of the most-
utilized mouse models for therapeutic translation, 

including performance on key behavioral and 
cognitive tests (Table 3).  

Ube3a maternal null mouse (Ube3a m–/p+)    
The Ube3am–/p+ mouse model, generated through 
maternal deletion of exon 2 of the Ube3a gene (Jiang 
et al. 1998), serves as the prototypical preclinical 
model of AS due to its close recapitulation of the 
disorder’s neurological and behavioral phenotypes and 
full loss of expression (Jiang et al. 1998; Buiting et al. 
2016; Keute et al. 2021). Loss of maternal UBE3A 
expression, with the paternal allele silenced via 
neuronal imprinting, results in global absence of 
Ube3a protein in neurons. These mice exhibit 
pronounced motor impairments, including ataxia, 
reduced coordination, and deficits on tasks such as 
rotarod and wire hang. Cognitive dysfunction is a 
central phenotype, with impairments in hippocampus-
dependent learning and memory, including contextual 
fear conditioning and novel object recognition, linked 
to severely reduced long-term potentiation (LTP) 
(Jiang et al. 1998; Born et al. 2017) (Huie et al. 2024; 
Huie et al. 2025). At the molecular level, disruptions 
in key synaptic signaling pathways, including 
abnormal CaMKII activity (Weeber et al. 2003) and 
dysregulated MAPK signaling (Filonova et al. 2014) 
contribute to impaired plasticity and memory 
formation.    

The model also displays seizure susceptibility, 
especially in juvenile animals, with audiogenic and 
handling-induced convulsions and abnormal EEG 
patterns, including high-amplitude spike-wave 
discharges, elevated delta power, and altered cortical 
rhythms (Sidorov et al. 2017; Dickinson et al. 2025). 
These electrophysiological features are modulated by 
genetic background, with certain strains exhibiting 
heightened severity (Frohlich et al. 2019). 
Behaviorally, Ube3am–/p+ mice show hypersociability, 
reduced social discrimination, and hyperactivity, 
paralleling aspects of the AS behavioral phenotype. 
Recent work has identified significant sleep and 
circadian disturbances in this model, including 
fragmented sleep, shortened total sleep duration, 
disrupted REM architecture, and dampened 
expression of core circadian genes in the 
suprachiasmatic nucleus (Copping et al. 2021). 
Together, these general phenotypic domains 
encompassing motor, cognitive, behavioral, epileptic, 
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electrophysiological, and circadian behavior 
underscore the utility of the Ube3am–/p+ AS mouse 
model as a comprehensive and translationally relevant 
tool for investigating AS pathophysiology and 
therapeutic intervention, overwhelmingly serving as 
the standard AS model for translational research in 
AS.   

Large Deletion Models:    
Three discrete large maternal deletion models of AS, 
described by Jiang et al. (2010), Syding et al. (2022), 
and Lu et al. (2023), were designed to more 
comprehensively recapitulate the genetic lesions seen 
in most AS patients who carry large deletions 
spanning the 15q11–q13 region (Jiang et al. 2010; 
Syding et al. 2022; Lu 2023). These models differ in 
the extent and specificity of the deleted regions but 
converge on a common strategy of removing the 
maternal Ube3a allele and additional neighboring 
genes. The Jiang et al. (2010) model was generated 
using Cre/loxP-mediated chromosome engineering to 
delete approximately 1.6 Mb on the maternal allele 
encompassing Ube3a, Atp10a, and Gabrb3, producing 
the Ube3a–Gabrb3m–/p+ genotype (Jiang et al. 2010). 
These mice demonstrate robust motor impairments 
(e.g., rotarod performance deficits), spatial and 
associative learning impairments (Morris water maze, 
fear conditioning), and behavioral anomalies such as 
elevated ultrasonic vocalizations in pups and anxiety-
like behavior in the light–dark box, suggesting altered 
social and emotional processing (Jiang et al. 2010). 
Critically, this model exhibits spontaneous seizures, 
abnormal EEG spike–wave discharges, and 
heightened seizure susceptibility. Importantly, this 
reflects more severe connectivity and electro-
physiological phenotypes when compared to the 
single-gene Ube3a deletion model. Although sleep 
behavior was not directly assessed, EEG abnormalities 
imply disrupted cortical rhythms that may affect sleep 
regulation (Jiang et al. 2010).   

The Syding et al. (2022) model (Ube3a genedel) 
introduces a deletion of only the Ube3a locus (~76 kb), 
from 5′ UTR to 3′ UTR, eliminating all known coding 
and regulatory elements of the Ube3a gene, without 
removing adjacent genes such as Gabrb3 or Atp10a 
(Syding et al. 2022). While this model also results in 
maternal deficiency and absence of neuronal Ube3a, it 
isolates the contribution of Ube3a loss from effects 

due to neighboring genes. Phenotypically, these mice 
exhibit core AS–like phenotypes, including motor 
impairments, such as reduced performance on the 
rotarod and altered gait in DigiGait analysis, and 
behavioral hypoactivity in open-field exploration 
(Syding et al. 2022). These mice also show deficits in 
goal-directed behaviors, exemplified by impaired nest 
building, and cognitive inflexibility, demonstrated by 
poor performance in reversal learning tasks using the 
IntelliCage system. Circadian activity monitoring 
indicated disrupted activity rhythms as well. While not 
as close to the large deletion genotype found in 
patients with AS, this model does offer advantages 
over the Jiang et al. (1998) exon 2 null mutation mouse 
model (Syding et al. 2022). By removing the entire 
Ube3a locus, it eliminates all coding and regulatory 
regions, ensuring complete loss of gene function and 
avoiding potential confounds from residual transcripts 
or truncated protein products. This structural precision 
may enhance its utility for testing gene reactivation or 
replacement therapies, particularly those targeting 
Ube3a-ATS or promoter regions. Moreover, the model 
more closely mirrors the genomic architecture of large 
deletions observed in many AS patients, thereby 
increasing its translational relevance for preclinical 
therapeutic development for this genotype.   

Recently, the Jiang lab generated a new large deletion 

mouse model with an even longer 6MB deletion. This 
model was designed to more closely recapitulate the 
entire deleted genomic region (15q11.1-13.1), 
common to a majority of AS patients, and is known as 
the AS-LDm-/p+ model. This model has the expected 
deficiency of Ube3a, as well as haploinsufficiency of 
the biallelically expressed genes Tubgcp5, Herc2, 
Cyfip1, Gabrg3, Gabra5, Gabrb3 and Atp10a (Lu 
2023).  The AS-LDm-/p+ mice are fertile and have no 
apparent developmental deficits.  Behavioral analysis 
of these animals in comparison to wild type littermates 
included neurological screening, open field, marble 
burying, rotarod, and the novel object recognition 
test.  AS-LDm-/p+ mice showed reduced total travel 
distance and increased center time compared to WT 
littermates tested at 3-4 and 7-8 weeks of age.  On the 
rotarod, the AS-LDm-/p+ mice have reduced latency in 
both accelerating and steady paradigm, during both the 
first testing section and re-tests. In the novel object 
recognition test, AS-LDm-/p+ mice did not show strong 
preference to the novel object as WT suggesting 
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deficits in both short and long-term memory.  Both 
Ube3am-/p+ and AS-LDm-/p+ mice were tested and 
compared for Flurothyl-induced seizure at 5-6 months. 
Both Ube3am-/p+ and AS-LDm-/p+ mice have shorter 
latency for myoclonic seizure and tonic seizure 
compared to WT (Lu 2023). However, the AS-LDm-/p+ 

mice were more sensitive to seizure induction 
compared to the Ube3am-/p+ mice.  EEG of AS-LDm-/p+ 
mice show significant increases in both the frequency 
and duration of spike trains, when compared to 
Ube3am-/p+ mice of the same age.  In addition, AS-
LDm-/p+ mice have displayed propensity for 
spontaneous seizures, which is not present in the 
Ube3am-/p+ model (Lu 2023).  

GABAergic neuron-specific Ube3a deletion   
The GABAergic neuron-specific Ube3a deletion 
model (Ube3a DGABA m-/p+) developed by Judson et 
al. (Judson et al. 2016) and further characterized by 
Avagliano Trezza et al. (Avagliano Trezza et al. 2019) 
offer a unique cell-specific targeted approach aimed at 
dissecting the contribution of inhibitory interneuron 
dysfunction to AS pathophysiology. Both models 
employ Cre-loxP recombination to conditionally 
delete the maternal Ube3a allele in GABAergic 
neurons using the GAD2-Cre driver line, thus 
allowing Ube3a expression in excitatory neurons 
while selectively disrupting it in inhibitory circuits. 
The Judson model introduces loxP sites flanking exons 
2 and 3, resulting in a frameshift and complete 
functional knockout of Ube3a in targeted cells (Judson 
et al. 2016). In contrast, the Avagliano Trezza model 
deletes exons 5 and 6, producing a truncated transcript 
that enables interrogation of subcellular localization 
and nuclear-specific functions of Ube3a, such as 
transcriptional regulation and chromatin modification 
(Avagliano Trezza et al. 2019). Phenotypically, both 
models recapitulate key features of the AS behavioral 
and neurophysiological profile, including deficits in 
motor coordination, impairments in learning and 
memory, and heightened sociability and hyperactivity. 
Importantly, both models show increased seizure 
susceptibility, including enhanced audiogenic-induced 
seizures and spontaneous epileptiform activity. 
Electrophysiological recordings reveal elevated 
neocortical delta power and background rhythm 
disturbances. Although sleep phenotypes were not 
systematically assessed, the cortical hyperexcitability 
inferred from the EEG patterns suggests possible 

alterations in sleep-wake dynamics. While similar in 
production, the Judson et al. model emphasizes the 
role of GABAergic dysfunction in circuit excitability 
and seizure generation, and Avagliano Trezza et al. 
highlights nuclear compartmentalization of Ube3a’s 
role in epigenetic regulation.    

Ube3a C-terminal deletion model 
The Ube3a C-terminal deletion mouse model 
developed by Miura and Kishino et al. (2002) (Miura 
et al. 2002) represents a mechanistically distinct 
approach to modeling AS by inducing a DNA 
mutation that destabilized the resulting Ube3a protein. 
This model was generated through targeted deletion of 
a region encoding the C-terminal portion of Ube3a 
specifically, exon 5 of the long isoform, which 
includes the HECT domain necessary for its E3 
ubiquitin ligase activity, resulting in a truncated form 
of the protein. This mouse model design preserves 
aspects of the gene's transcriptional control and 
isoform regulation, while in turn modeling certain 
partial loss-of-function mutations observed in a subset 
of AS patients more accurately than complete null 
alleles (Miura et al. 2002).  

Phenotypically, these mice also exhibit hallmark 
features of AS, including significant motor 
coordination deficits, impaired spatial and associative 
learning and memory, and abnormal social and 
exploratory behaviors. Importantly, EEG recordings 
reveal epileptiform abnormalities, such as intermittent 
4–5 Hz spike-wave discharges, reflecting cortical 
hyperexcitability consistent with AS-related epilepsy 
(Miura et al. 2002). This model provides an alternative 
to full gene deletions, which is useful for investigation 
into the functional consequences of domain-specific 
Ube3a loss, offering insight into how specific 
mutations might differentially impact protein function, 
neuronal networks, and behavior. However, as a 
model for testing potential therapeutics, the presence 
of a non-functional Ube3a may confound the 
interpretation of data, suggesting this model may be 
better suited for answering mechanistic or molecular 
questions.  

Ube3a Δe6/p+ mouse model   
The Ube3a Δe6/p+ mouse model, developed by Lee et 
al., employs CRISPR/Cas9-mediated excision of exon 
6 on the maternal allele of the Ube3a gene (Lee et al. 
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2023). This targeted deletion induces a frameshift and 
premature stop codon in exon 7, leading to rapid 
degradation of the mutant transcript and a profound 
reduction in Ube3a protein within neurons. 
Quantitative analyses confirmed that brain expression 
levels fall to a small fraction (2–17% of wild-type) by 
postnatal week six. By eliminating a substantial 
portion of the HECT domain and disrupting all 
functional isoforms of the protein, this model closely 
approximates a true loss-of-function scenario and 
offers a more complete molecular null model 
compared to earlier partial truncation models such as 
Miura and Kishino’s exon 5-deleted line (Miura et al. 
2002). Functionally, these mice exhibit a constellation 
of deficits that reflect core AS phenotypes, including 
poor motor coordination, hippocampal-dependent 
learning impairments, and altered synaptic plasticity. 
High-resolution EEG recordings reveal pathological 
electrophysiological signatures, such as increased 
delta power and abnormal cortical rhythms, alongside 
heightened seizure vulnerability (Lee et al. 2023). This 
model is also distinguished by its comprehensive 
assessment of sleep architecture that shows significant 
reductions in overall sleep duration, fewer sleep 
spindles, and increased sleep fragmentation.   In 
general, this model is extremely consistent with both 
the original Ube3am-/p+ model (Jiang 1998) and the 
exon 5-deleted line (Miura 2002), with no apparent 
differences in major AS phenotypes.   

CRE-loxPox Model:   
The conditional Ube3a reinstatement model 
developed by Silva-Santos et al. represents an effort to 
dissect the developmental timing and cellular 
specificity of Ube3a function in an AS mouse model 
(Silva-Santos et al. 2015). In this model, a floxed 
transcriptional stop cassette was inserted upstream of 
exon 2 in the endogenous Ube3a gene, creating a Cre-
dependent “off” allele (Ube3a^lox-stop) that silences 
maternal Ube3a expression. This silencing is 
reversible through tissue-specific or temporally 
regulated expression of Cre recombinase, enabling 
reinstatement of Ube3a in selected neural populations 
or at specific postnatal times to 75-90% of wild type 
Ube3a levels (Silva-Santos et al. 2015). Importantly, 
baseline maternal-deficient Ube3a lox-stop/p+ mice 
exhibit behavioral and electrophysiological 
phenotypes consistent with AS, including impaired 
rotarod performance, deficits in contextual fear 

conditioning, novel object recognition, and elevated 
delta power in cortical EEG recordings. Quantification 
of protein restoration following CRE-mediated 
excision indicates that Ube3a levels can reach 
approximately 30–50% of wild-type levels in targeted 
brain regions, depending on the timing and efficiency 
of recombination. Behavioral rescue in this model was 
strongly dependent on the age at which Ube3a 
expression was restored; prenatal restoration resulted 
in the most robust rescue of AS phenotypes including 
behavioral and EEG abnormalities (Silva-Santos et al. 
2015).  Later restoration in animals in the juvenile 
stage resulted in more limited rescue of AS 
phenotypes, and restoration in the adult stage resulted 
in the least significant AS phenotypic rescue (Silva-
Santos et al. 2015). The conditional design of this 
model also allows for cell-type–specific interrogation; 
for instance, restoring Ube3a in excitatory neurons 
alone is sufficient to ameliorate motor and cognitive 
deficits, highlighting the central role of glutamatergic 
dysfunction in AS pathogenesis (Table 4).   

One aspect of the CRE-loxP model that differentiates 
it from other AS mouse models is the use of 
Tamoxifen to reactivate the Ube3a gene.   Tamoxifen 
is a selective estrogen receptor modulator that has 
been associated with a wide range of systemic side 
effects that raise concerns for its use in translational 
applications (Silva-Santos et al. 2015). The effects of 
Tamoxifen on the central nervous system and on 
mouse behavior are well known, including reduced 
locomotor activity, heightened anxiety, and impaired 
social interactions (Li et al. 2020; Galvano et al. 2023). 
Considering that several of the relevant mouse 
behaviors measured in AS overlap with behaviors 
impacted by Tamoxifen, the interpretation of data 
obtained using the CRE-loxP model must consider the 
possible contribution of Tamoxifen to the overall 
results.  This is particularly important when evaluating 
the efficacy of potential drug compounds on AS 
phenotypes. The CRE-loxP model may be best suited 
to study the molecular mechanism and the timing of 
phenotypic development in a mouse model of Ube3a 
deficiency, while an AS mouse model that mimics the 
human genotype, and is not dependent on the 
administration of a confounding compound, should be 
used for evaluating potential AS therapies, which may 
be easier in interpreting results of therapeutic 
intervention.    
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Caveats of Mouse Models and Common 
Phenotypic Assays:  
Across these AS mouse models, the unifying genetic 
feature is the loss of functional maternal Ube3a 
expression in neurons, achieved through diverse 
genomic strategies that differ in scope, precision, and 
cell-type specificity. The canonical Jiang 1998 
maternal null (m–/p+) model achieves complete 
neuronal loss of Ube3a via maternal exon 2 deletion, 
serving as the foundation for most subsequent designs, 
and is the most widely used model to date for 
translational research proof of concept studies in both 
academic laboratories and by industry. Broader 
chromosomal deletions, as in Jiang 2010 (~1.6 Mb 
spanning Ube3a–Gabrb3) or Lu 2023 (~6 Mb deletion 
spanning the main large deletion genes), not only 
remove the Ube3a gene but also the neighboring 
genes, potentially compounding phenotypes with 
effects from contiguous gene loss. Conceptually, the 
~6Mb maternal deletion model is the most appropriate 
model for preclinical studies of a majority of humans 
living with AS because it includes a complete 
deficiency of UBE3A as well as haploinsufficiency of 
other biallelically expressed genes within the 
15q11.2–q13 region (Lu et al. 2023). Many of these 
genes—such as CYFIP1, NIPA1/2, HERC2, GABRB3, 
GABRA5, and GABRG3—are known to play 
important roles in neuronal function. Clinical findings 
support the idea that haploinsufficiency of some of 
these genes, either individually or in combination, may 
modify the phenotypic effects of UBE3A deficiency. 
Thus, the 6 Mb deletion model presents an opportunity 
to investigate these mechanisms, in addition the loss 
of Ube3a expression, particularly given the limitations 
of studying them directly in humans.  

While each of these models has been useful for 
elucidating AS mechanisms of different genotypes and 
genetic variations, they all carry several limitations 
that constrain their translational reliability.  The 
background strain used to construct the individual 
animal models confers strain-specific variability, 
leading to large differences in seizure penetrance, 
learning deficits, and EEG abnormalities (Martinez et 
al. 2023). This strain dependence complicates 
reproducibility across laboratories and may mask or 
exaggerate drug or genetic therapy effects. Moreover, 
some AS-relevant symptoms, such as the full range of 
expressive language deficits, complex cognitive 

function, fine motor skill impairments, or complex 
social-communication behaviors, cannot be 
adequately modeled in mice, regardless of how closely 
they genetically mimic the human disorder.  In 
addition, knowing that human neuronal development 
and neuroplasticity continue over decades, whereas in 
mice it continues over days to weeks, makes 
extrapolation of human function from mouse model 
data challenging. 

The complexity of the available phenotypic assays 
also complicates the interpretation of mouse model 
data.  As outlined in Table 2, there are numerous 
assays for motor and cognitive function, maladaptive 
behaviors, and physical development.  The outcome of 
many of these assays is dependent on the protocol used 
to administer them, making direct comparisons 
between studies done by different groups 
challenging.  There are, however, a few assays which 
are consistently performed by most groups, which 
seem to yield the most reliable and comparable 
results.  To assess motor function changes, the 
Rotarod (which includes motor function and motor 
learning) and open field tests (which includes both 
motor function and anxiety-like behaviors) are 
preferable and generally considered the most reliable; 
To assess cognitive function, novel object recognition 
is considered a reliable test; and for anxiety-like 
behaviors the most commonly used tests are open field 
and marble burying.  In addition, nest building is 
commonly used, and a reliable assessment of overall 
function as it is a semi-quantitative measurement of 
multiple parameters, including innate function and 
motor, cognitive and behavior phenotypes.  In addition 
to the relatively subjective neurobehavioral 
assessments in AS mice that can be impacted by other 
factors, like body weight and stress, assessment of 
EEG spectral power (e.g. delta power) is considered 
one of the most objective assessments that is subject to 
change after effective therapeutic intervention. 

While important tools, these AS animal models 
simplify the pathophysiology of AS in a way that is 
advantageous for mechanistic studies, but potentially 
less predictive of clinical outcomes across diverse and 
complicated neurobehavior in the human AS 
population, which may explain why one could expect 
different therapeutic effect size in different individuals 
with AS due to their unique variables. 
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Therapeutic Strategies for Treatment of 
AS   
Currently, there are no approved disease modifying 
therapies for AS, however, there are multiple 
candidate therapeutics in various phases of clinical and 
pre-clinical development, most or all of which have 
utilized one or more of the AS mouse models 
discussed in the previous section for evaluation of 
their potential benefit.  Disease model mice are useful 
for demonstrating possible efficacy, establishing 
pharmacokinetic/pharmacodynamic relationships, 
estimating biodistribution and cellular specificity, 
establishing a preferred route of administration, and 
defining an efficacious dose range.  In the following 
section, we review how the AS model mice were used 
in the development of many of the current clinical 
candidates and, when available, how the emerging 
open-label human data from ongoing clinical trials 
does, or does not, correlate with AS mouse data.    

Adeno-Associated Virus-Mediated Gene 
Replacement Therapy  
One of the most extensively explored strategies for the 
treatment of monogenic NDDs involves gene 
replacement therapy, in which a functional or 
“corrected” copy of a disease-causing gene is 
introduced into target cells via a complementary DNA 
(cDNA) construct. In the context of AS, reintroducing 
UBE3A via cDNA represents a rational approach to 
restore protein expression and, potentially, 
physiological and behavioral function. Adeno-
associated virus (AAV) vectors have emerged as a 
leading platform to support cDNA delivery to target 
cells due to their limited pathogenicity, relatively low 
immunogenicity, ability to mediate long-term 
transgene expression in post-mitotic cells, and the 
flexibility of serotype engineering to achieve cell-type 
or region-specific tropism (Wang et al. 2024). A 
variety of AAV serotypes and engineered or modified 
capsids have been developed to enhance transduction 
efficiency in the CNS, including serotypes such as 
AAV9, which have been shown to achieve 
transduction in neurons when delivered into the CSF 
by intracerebroventricular (ICV), intracisternal magna 
(ICM), or intrathecal (IT) routes of administration 
(Wang et al. 2024).   

The use of AAV-mediated UBE3A cDNA replacement 
for AS involves several critical considerations. First, 

UBE3A is expressed in multiple isoforms generated 
through alternative splicing and promoter usage. The 
choice of which isoform(s) to deliver affects 
physiological relevance, subcellular localization, and 
therapeutic effectiveness. Second, regulation of 
UBE3A dosage should be carefully considered—both 
insufficient and excessive expression of this E3 ligase 
have been linked to different NDDs, though 
overexpression of UBE3A has been associated with 
other genes in the region that are also overexpressed 
by 200-400%. Therefore, careful vector and transgene 
design and promoter selection are key to ensuring the 
optimal outcome. Third, because the paternal UBE3A 
allele is silenced specifically in neurons, while glial 
cells express both alleles, it is important to use neuron-
specific promoters to ensure targeted expression is 
achieved. Finally, due to the pan neuronal UBE3A 
deficiency in AS, the need for diffuse brain 
biodistribution is critical leading to careful 
consideration of route of administration for an optimal 
outcome (Hinderer et al. 2014).  Additionally, the 
timing of vector delivery may be a crucial factor in 
preclinical models, with interventions in mice 
occurring as early as P1 or at various later time points, 
which can have an impact on transduction efficiency 
to different CNS cell types (Dhungel et al. 2021). This 
section reviews preclinical studies using AAV-based 
UBE3A gene replacement in AS mouse models, with 
a focus on vector type, Isoform selection, expression 
control, spatial targeting, route of administration, dose 
given, age treated, and behavioral outcomes, including 
both neurobehavioral and electrophysiological 
assessments, when available. Emphasis is placed on 
the translational relevance of these findings and the 
challenges that must be considered for successful 
clinical application.  Table 4 shows the phenotypes 
rescued for each of the therapeutic approaches 
discussed in this section.  

In the first published study (Daily et al. 2011) using 
AAV to replace UBE3A, the adult (P60) Ube3am-/p+ AS 
mice (model: Jiang 1998) received a single dose of 
rAAV vector (AAV9) containing a type two terminal 
repeat human UBE3A isoform 1 transgene, and the 
effects of UBE3A replacement were compared to WT 
animals, and AS mice given injections of AAV 
containing GFP without UBE3A, under identical 
conditions.  Doses of 3 x 109 vg/mouse were delivered 
via bilateral parenchymal injections directly into the 
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hippocampus. Immunohistochemical quantification 
revealed that E6-AP protein expression reached 
approximately 100% of WT levels in the targeted 
hippocampal region with no evidence of 
overexpression in those regions. No expression was 
seen in the cortical region due to direct parenchymal 
hippocampal injection, which may explain the lack of 
improvement in tests of motor function, including 
rotarod, open field, and elevated plus maze test, in 
which UBE3A-treated animals showed no difference 
from GFP-treated animals (Daily et al. 
2011).   Hippocampal LTP, a hallmark synaptic deficit 
in AS mice, was measured in the WT, UBE3A- and 
GFP-treated mice.  AS mice treated with GFP showed 
the expected LTP deficits: however, the post-tetanic 
potentiation and early phase of LTP of the UBE3A 
treated AS mice was equivalent to WT indicating 
partial restoration of synaptic plasticity in adult mice. 

There was no significant difference between any of the 
groups during late-phase LTP (Daily et al. 
2011).   While motor deficits were not rescued, 
contextual fear memory was fully restored to wild-
type levels, and spatial learning in the Morris water 
maze showed marked improvement with reduced 
latencies and increased platform crossings at 72 hours 
post-training, although quadrant-specific spatial bias 
remained inconsistent.  While these early experiments 
were significant for demonstrating the potential of 
AAV-mediated UBE3A gene replacement, the clinical 
translatability of the study was limited for several 
reasons.  The biodistribution of the treatment was 
limited to the hippocampus, limiting the conclusions 
that can be drawn about the degree of rescue achieved, 
as the route of administration used in these 
experiments would not be the route of administration 
for humans.  Therefore, care should be taken when 

Table 4. Cross-modal summary of phenotype rescue across UBE3A-reactivation or replacement strategies and treatment ages in Angelman syndrome mouse models. 
Heat map aggregating outcomes from studies that re-instate UBE3A by distinct modalities: conditional endogenous gene re-instatement (Gene Re-instatement Model), AAV-
based gene therapy (AAV-GT), hematopoietic stem-cell–mediated delivery (HSC-GT), antisense oligonucleotides targeting Ube3a-ATS (ASO), CRISPR-based approaches (Cas9), 
and artificial transcription factors (ATF). Columns list representative referenced studies; rows list behavioral, electrophysiological, and anatomical readouts. “Treatment age” 
indicates the developmental age range at intervention (prenatal, birth, juvenile, adolescent, adult; described in Table 1). Color code: Green denotes full rescue: treated AS mice 
differ significantly from untreated AS controls and are statistically indistinguishable from wild type (WT) or meet an a priori criterion for full normalization. Light green denotes 
partial rescue defined by any of the following: approximately ≥80% of WT performance or level; significant improvement versus untreated AS controls while remaining significantly 
different from WT; not significantly different from WT or untreated AS, falling between the two values; or a sex-limited effect where only males or only females reach significance. 
Red denotes no rescue: the assay was performed, but no significant improvement over AS controls and a significant difference from WT was detected. White cells labeled n/a 
indicate that the assay was not performed or that AS and WT did not differ at baseline, precluding assessment of rescue. Paradigm definitions: Learning and memory encompass 
associative, spatial, or working memory assays. Motor coordination reflects rotarod performance; protocol differences across studies (for example, acceleration profiles and 
training schedules) may influence sensitivity. Balance reflects beam or dowel walking metrics. Protocol variations between laboratories may affect comparability. Activity reflects 
open-field locomotion. Synaptic plasticity primarily reflects hippocampal long-term potentiation. Hindlimb clasp reflects tail-suspension hindlimb splay. Seizure propensity reflects 
audiogenic seizure susceptibility. EEG reflects spectral abnormalities or epileptiform activity. Weight reflects body mass/obesity phenotypes.  
 
 
 

Paradigm Gene Re-instatement Model AAV-GT HSC-GT ASO CRISPR ATF

Study Silva-Santos 
(2015)

Daily 
(2011)

Nenninger
(2022)

Judson 
(2021)

Born 
(2025)

Adhikari 
(2021)

Luthers 
(2025)

Meng 
(2015)

Milazzo 
(2021)

Lee 
(2023)

Schmid
 (2021)

Wolter 
(2020)

Li 
(2021)

Lu (STEP-RNP)
 (2025)

O’Geen 
(2023)

Treatment 
Age

Pre-
natal Birth Juvenile Ad-

olescent Adult Adult Adult Birth Birth Birth Adult Adult Adult Birth Juvenile Adult Birth Juvenile Birth Birth Birth Juvenile Adult Adult

Synaptic 
Plasticity n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Learning
and Memory n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Nest Building n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Balance n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Motor 
Coordination n/a n/a

Activity n/a n/a n/a n/a

Marble
Burying n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Hindlimb 
Clasp n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Seizure 
Propensity n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

EEG n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Weight n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
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attempting to utilize data from these early experiments 
to predict the efficacy of human AAV-mediated gene 
replacement therapies. 

In a full Ube3a gene deletion rat model of AS, 
Nenninger et al. evaluated the efficacy of a novel 
secreted UBE3A construct (STUB) based on human 
isoform 1, delivered via bilateral 
intracerebroventricular (ICV) injection to young adult 
rats (age 3 months) (Nenninger et al. 2022).  Six weeks 
post-injection, LTP in STUB-treated rats was fully 
restored to WT magnitude, while conventional UBE3A 
yielded only partial rescue in rats of the same age.  
Motor performance was significantly improved on the 
rotarod and hindlimb clasping assays with STUB, and 
both vectors normalized fear conditioning responses, 
though STUB showed superior efficacy.  Importantly, 
STUB enabled intercellular UBE3A protein transfer 
through extracellular secretion and cross-correction, 
improving therapeutic effect in neighboring neurons, 
and addressing the limited biodistribution associated 
with conventional AAV delivery to the brain 
(Nenninger et al. 2022).  In a separate set of 
experiments, young adult Ube3m-/p+ AS mice (model: 
Jiang 1998) were dosed with 2 x 1010 vg/mouse via 
hippocampal injection, and the effects of UBE3A 
replacement on hippocampal electrophysiology were 
observed.  AS mice treated with the vector containing 
the STUB construct demonstrated a complete recovery 
of the hippocampal LTP deficit (Nenninger et al. 
2022).   

Judson et al. used the Ube3am-/p+ AS mice (model: 
Jiang 1998) at age P0.5-P2 with an AAV vector 
containing a codon-optimized dual-isoform 
(iso1/iso2) of the human UBE3A transgene containing 
a Kozak sequence, under the control of the human 
synapsin promotor (hSYN), to enable physiological 
expression of both short and long isoforms at a ~3:1 
ration (Judson et al. 2021).  A single total dose of 1.6 
x 1011 vg/mouse was delivered via bilateral ICV 
injection.  At approximately six months post-
treatment, UBE3A expression in different regions of 
the brain was assayed using immunofluorescence. 

In AAV-treated AS mice, UBE3A protein expression 
reached 50–80% of wild-type levels, with the highest 
expression levels seen in the hippocampus and cortex 
and the lowest observed in the cerebellum (Judson et 
al. 2021). Functional phenotypic rescue was observed 

in seizure susceptibility assayed by flurothyl-induced 
seizure, motor learning including rotarod and open 
field test, and innate behavioral assays including 
marble burying and nest building (Judson et al. 
2021).  By two months post-treatment, both vehicle- 
treated and AAV-treated female AS mice exhibited 
excessive weight gain relative to WT female mice.  
While the body weight changes for male AS mice were 
not statistically significant, the excessive weight gain 
in the female AS mice, regardless of treatment with 
AAV, suggests that the AAV treatment was unable to 
normalize the weight-gain phenotype (Judson et al. 
2021). 

Critically, WT mice treated with the AAV-hUBE3A 
vector exhibited UBE3A overexpression in the 
neocortex of approximately 150%, however, this 
regional overexpression did not negatively affect 
phenotype, supporting tolerability of this dual-isoform 
construct at the doses tested (Judson et al. 2021).    

Born et al. at the University of Pennsylvania (now 
GEMMA Bio) reported that unilateral ICV delivery at 
P0/1 using the AAV-hu68 capsid carrying the human 
UBE3A isoform 1 transgene, resulted in improvements 
in key behavioral and motor phenotypes.  Using the 
Ube3am-/p+ mouse model (model: Jiang 1998), ICV 
delivery at doses 4 doses ranging from 2.5x1010 
GC/mouse (low dose) to 1.85 x 1011 GC/mouse (high 
dose) resulting in a dose-dependent correction of 
phenotype in the AS model including improvement in 
body weight, rotarod performance, hind limb clasping, 
and nest building. These improvements correlated 
with a similar dose-dependent increase in UBE3A 
transcript and protein expression throughout the brain, 
reaching 60-90% of WT levels in neurons (Born et al. 
2025).   

Collectively, these studies provide converging 
evidence that AAV-mediated gene replacement 
therapy can restore therapeutically relevant levels of 
UBE3A and result in meaningful phenotypic rescue, 
even when administered at varying postnatal 
timepoints with a single isoform.  While early 
postnatal delivery yielded robust outcomes in the AS 
mouse model, it is challenging to compare the studies 
to each other, as the studies were not performed using 
comparable ROAs, vectors, or doses. However, all 
studies demonstrated neuronal transduction, stable 
expression, and marked improvements in phenotype 
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(Table 4). These data suggest that phenotypic recovery 
is not exclusively restricted to early therapeutic 
windows. Gene delivery at later postnatal stages may 
provide significant rescue of molecular and behavioral 
deficits, indicating that the therapeutic window for 
intervention could be broad. This temporal flexibility, 
coupled with advances in vector design such as 
optimized capsids, neuron-specific promoters, more 
translatable routes of administration, dose 
optimization, and varying isoform constructs support 
the potential for AAV-based therapies to benefit a 
wide patient population, including those diagnosed 
beyond infancy and those of all genotypes (Table 4).  

Despite this progress, key translational challenges 
remain, including isoform specificity, 
immunogenicity, pan-neuronal biodistribution, and 
long-term safety validation. Of these, the question of 
the translatability of AAV biodistribution is a 
particular challenge, as multiple studies have shown 
differential patterns of biodistribution in mice vs. 
nonhuman primates, even when using capsids 
considered to be neurotropic (Gray et al. 2011; 
Liguore et al. 2019; Chauhan et al. 2024; Drouyer et 
al. 2024).  The differences in AAV biodistribution 
make dose prediction and generation of PK/PD 
relationships more difficult.  However, these 
difficulties will be resolved as more AAV-directed 
gene therapies targeting neurons are tested in humans, 
and this challenge should not diminish the expanding 
body of evidence underscoring the transformative 
promise of AAV gene therapy as a durable, 
mechanism-targeted intervention for individuals with 
AS.   

Hematopoietic Stem Cell Lentiviral Vector-
Mediated Ex-Vivo Gene Replacement 
Therapy (HSC-GT) 
Another potential therapeutic strategy for the 
treatment of AS and other neurogenetic disorders, is 
ex-vivo autologous hematopoietic stem cell gene 
replacement therapy (HSC-GT).  These HSCs can be 
modified using a lentiviral vector to deliver a healthy 
copy of the disease transgene to early blood stem cells 
for gene delivery to the entire body.  Neurologic 
disorders such as Metachromatic Leukodystrophy 
(MLD), Cerebroadrenoleukodystrophy (CALD), and 
Fanconi Anemia have shown promising human 
clinical data of complete neurologic correction after 

HSC-GT (Riedel et al. 2024; Lauer et al. 2023; 
Rockwell et al. 2025).  In AS, the same technique has 
been used to introduce modified hematopoietic stem 
cells (CD34+) to the bone marrow, where they engraft. 
The white blood cell lineage is then able to circulate 
peripherally and cross the blood brain barrier with 
immune cells engrafting in the CNS as presumed 
microglia, secreting a modified version of the UBE3A 
protein to neighboring neurons resulting in cross 
correction and diffuse pan-neuronal biodistribution 
(Luthers et al. 2025; Adhikari et al. 2021).  Adhikari et 
al. transduced human CD34+ cells with a lentiviral 
vector carrying a modified secretory version of mouse 
Ube3a (LVV-Ube3a) and subsequently transplanted 
the transduced cells into an immunodeficient strain 
(IL2 deficient) of Ube3am-/p+ mice at P2-5 or P28-35 
(Adhikari et al. 2021).  Eight weeks post-transplant 
AS mice treated at P2-5 or P28-35 with LVV-Ube3a 
transduced cells exhibited improved performance on 
open field locomotion, balance beam and rotarod 
(Adhikari et al. 2021).   These constructs contained the 
MNDU3 promoter, which has since been implicated in 
the development of insertional oncogenesis in CALD 
(Duncan et al. 2024), with the development of 
myelodysplastic syndrome in approximately 10% of 
patients with CALD. Due to these developments, 
additional work with safer promoters was undertaken 
(EFS and hPGK), with EFS having a safety track 
record of over 500 patient years of data (Booth et al. 
2025). These studies using alternative promoters were 
conducted in the more traditional AS mouse model 
(model: Jiang 1998) at an adolescent/adult age, using 
mouse CD34+ cells transduced with the mUbe3a 
transgene. These studies, testing both alternative 
promoters, replicated the findings of Adhikari et al. 
achieving complete rescue of all behaviors in an adult 
AS mouse, including complete correction of the 
increased EEG spectral power. (Luthers et al. 
2025).   Due to the ability of CNS immune cells to 
engraft throughout the brain, biodistribution to deep 
brain structures was possible, which could explain the 
exceptional neurobehavioral rescue results. Overall, 
similar results were obtained using 3 different 
promoters (MNDU3, EFS, hPGK) at both young and 
advanced ages in 2 different laboratories, supporting 
strong evidence of potential benefit in an extended age 
range.  The diffuse brain biodistribution with this 
approach is likely the reason why such profound 
phenotypic rescue was observed (Table 4).  
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CRISPR Unsilencing of the Paternal Allele:    
CRISPR (clustered regularly interspaced short 
palindromic repeats) technology is a potentially 
powerful tool for treating genetic diseases, and the first 
CRISPR-based therapeutic, exagamglogene 
autotemcel, was approved to treat Sickle Cell Disease 
in the United States in 2023 (Frangoul et al. 2021). In 
the context of AS the most obvious application of 
CRISPR-Cas9 technology is permanent unsilencing of 
the paternal allele by targeting the UBE3A-ATS, 
disrupting its transcriptional elongation through DNA 
editing of targeted repeats through sequence 
dependent sgRNAs.  This may alleviate transcriptional 
interference and allows reactivation of the paternal 
UBE3A allele. Alternatively, catalytically inactive 
Cas9 (dCas9) fused to transcriptional repressors such 
as KRAB can be targeted to the UBE3A-ATS promoter 
to silence its expression epigenetically without 
inducing DNA breaks. Both approaches rely on guide 
RNA-directed targeting of the UBE3A-ATS and aim to 
restore UBE3A expression selectively in neurons, 
making it highly suitable for addressing the unique 
molecular pathophysiology of AS.    

While CRISPR as a potential treatment for AS has yet 
to be tested in humans, there have been several mouse 
studies conducted by multiple groups that use CRISPR 
to truncate the Ube3a-ATS transcript, resulting in a 
reactivation of the paternal Ube3a gene. Wolter et al., 
demonstrated the long-lasting therapeutic potential of 
a CRISPR-based gene editing approach by targeting 
the paternal Ube3a allele using an AAV vector 
(Wolter et al. 2020). In these experiments, a dual-
injection strategy was developed using a neuron-
specific AAV9 vector encoding Staphylococcus 
aureus Cas9 (SaCas9) and a highly multiplexed guide 
RNA (Sajw33) targeting the Snord115 gene cluster 
representing a neuronally expressed region of the 
Ube3a-ATS transcript.  Repeat ICV injections of the 
vector in the Ube3am-/p+ AS mouse model (model: 
Jiang 1998) at embryonic day 15.5 and P1 (1.5 x 1010 

vg/ventricle) yielded widespread, persistent 
expression of paternal Ube3a across cortical layers, 
the hippocampus, and the spinal cord in mice, 
achieving ~40% of wild-type protein levels (Wolter et 
al. 2020). Treated animals showed partial reversal of 
microcephaly with a statistically significant increase 
in brain weight relative to untreated AS mice.   Treated 
mice also exhibited statistically significant 

improvements relative to untreated AS mice in motor 
and behavioral tasks, including hindlimb clasping, 
open-field center time, and rotarod performance that 
persisted beyond seven months of age. However, 
improvements were limited in measures of anxiety-
like behavior (e.g., marble burying) and locomotor 
activity as measured by open field distance traveled 
(Table 4) (Wolter et al. 2020).    

In a separate experiment, the vector was delivered via 
single ICV injection at embryonic day 15.5, and the 
animals were followed for 17 months.  In those 
animals, paternal Ube3a expression was appropriately 
localized to the nucleus and persisted for at least 17 
months, with no off-target genomic editing 
documented, no evidence of neuroinflammation, and 
no disruption to the Snord115 target gene expression 
or splicing (Wolter et al. 2020).   

A similar set of experiments were performed by 
Schmid et. al, in which Ube3am-/p+ (model: Jiang 1998) 
mice were injected at P0-1 ICV bilaterally with an 
AAVhu68 vector carrying Cas9 and a sgRNA 
targeting Ube3a-ATS at a dose of 1 x 1011 GC/mouse 
(Schmid et al. 2021). Analysis of the gene editing 
efficiency post-injection indicated approximately 20% 
of neurons were edited, and treated animals had Ube3a 
expression of 25-40% of wild type levels (Schmid et 
al. 2021).   At eight weeks post-injection, treated and 
non-treated mice were assayed for phenotypic changes 
for three consecutive days, including rotarod, nest 
building, marble burying, open field ambulatory 
activity and body weight (Schmid et al. 2021).  At 
days two and three, treated mice showed a statistically 
significant improvement in rotarod performance when 
compared with untreated Ube3am-/p+ mice, although 
the treated animals rotarod performance did not match 
that of WT animals.  Treated animals showed 
statistically significant improvements in marble 
burying and nest building activities when compared to 
untreated animals, and again treated animals did not 
match the performance of WT animals in either test 
(Schmid et al. 2021).  Open field ambulatory activity 
was not significantly different between treated and 
untreated groups.   Animals injected at P14, P21, and 
P28 showed significantly less editing (>5%) and were 
not subject to subsequent phenotypic assays.   

A novel RNP-based CRISPR gene-editing platform 
delivered via surface tailored assembly (STA) called 
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STEP-RNP (Stimuli-responsive traceless engineering 
platform-ribonucleoprotein) (Jiang et al 2024; Lu et al 
2025) has been recently developed as a therapeutic 
strategy for AS.  A STEP-RNP complex containing a 
guide RNA targeting the Ube3a-ATS was delivered via 
intrathecal injection to Ube3am-/p+ mice (model: Jiang 
1998) at three distinct ages: neonatal (P1), juvenile 
(P21), and adolescent (P42) (Jiang 2024; Lu et al. 
2025).  In all age groups, molecular assessment of 
brain tissue confirmed efficient gene targeting and 
disruption of the Ube3a-ATS, leading to robust 
reactivation of paternal Ube3a expression in cortical 
and hippocampal neurons.  Treatment with the 
complex at any age restored Ube3a protein levels to 
approximately 60–80 % of wildtype levels, which was 
sustained for at least 8 months post-treatment. 
Animals treated at any age demonstrated 
improvements on the open field test, with performance 
approaching that of wild type animals.  Similar effects 
were seen on the Rotarod, treated animals from any 
age group had improved performance in both the 
accelerated and steady paradigms (Lu et al. 
2025).  Long- and short-term memory as assessed by 
novel object recognition showed that short term 
memory was improved only in animals treated at P1, 
while long term memory was improved in animals 
treated at any age.  Treatment with the Ube3a-ATS 
STEP-RNP complex also corrected both myoclonic 
and tonic seizures in animals treated at any age (Jiang 
2024; Lu et al. 2025) (Table 4).    

The effect of treatment with the Ube3a-ATS STEP-
RNP complex is also being evaluated in an ongoing 
study in the LDm-/p+ AS mouse model. Animals were 
treated with a single dose of the Ube3a-ATS STEP-
RNP complex at P21, and their performance on a 
battery of behavioral and cognitive tests was compared 
to untreated LDm-/p+ AS mice.  Similar to effects seen 
with the Ube3am-/p+ mice, treatment with the Ube3a-
ATS STEP-RNP complex resulted in improvements in 
performance on the open field test, with treated 
animals’ performance restored to near-WT (Jiang 
2024).  The treated LD mice also showed 
improvements on the Rotarod; in the accelerating 
paradigm the treated mice performed slightly better 
than untreated animals, however, in the steady state 
paradigm, the treated animals performed nearly as 
well as WT littermates.  These data are significant, not 
only because they demonstrate the STEP-RNP 

platform's capacity to achieve longterm, brainwide 
paternal Ube3a unsilencing and subsequent 
phenotypic rescue, but also because they demonstrate 
that phenotypic rescue is possible at a broad range of 
ages, and further, that it is possible with the large 
chromosomal deletion (~6MB) that represents the 
majority of AS individuals.     

Artificial Transcription Factors/Zinc Finger 
for Paternal Ube3a Activation  
Another approach to paternal unsilencing involves 
engineering a zinc finger protein (ZFP) to target the 
UBE3A-ATS.  Zinc finger proteins are ubiquitous 
cellular transcription factors, which can carry a 
Kruppel-associated box (KRAB) domain, that 
facilitates gene-specific repression.  Bailus et al 
described the screening and development of an ATF 
targeting the Ube3a-ATS, linked to a cell-penetrating 
peptide to facilitate blood brain barrier crossing, which 
was designated as TAT-S1 (Bailus et al. 2016).  TAT-
S1 was administered subcutaneously to Ube3am-/p+ AS 
mice (model: Jiang 1998), at doses of 160-200 mg/kg 
three times per week for a total of four 
weeks.  Following the treatment regimen, Ube3a was 
significantly increased in the brains of the treated AS 
mice, relative to untreated animals.  In addition, broad 
distribution of the ATF was observed throughout the 
brains of treated animals (Bailus et al. 2016). These 
experiments demonstrated the feasibility of an ATF to 
unsilenced paternal Ube3a expression; however, 
several technical limitations were identified which 
necessitated a change in the route of 
administration.  In a follow up study, O’Geen et al 
described the delivery of the ATF (AAV-SK1) 
previously described by Bailus et. al, (Bailus et al. 
2016; O'Geen et al. 2023), using an AAV vector that 
can cross the blood brain barrier in mice following IV 
injection, AAV-PHB.eB (Mathiesen et al. 2020). Six-
week-old AS mice (model: Jiang 1998) were 
administered AAV-SK1 at 1x1012 vg/animal via tail 
vein injection.  Five weeks post-injection, Ube3a 
protein in treated animals had been increased to 26% 
of WT levels, and the average number of Ube3a 
positive cells in the brains of treated mice were 
comparable to those observed in WT; 76% in the 
prefrontal cortex, 83% in the hippocampus, 80% in the 
cerebellum, and 45% in the striatum (O'Geen et al. 
2023).  Ube3a-ATS transcript was decreased by 2.2-
fold in AAV-SK1 treated-animals relative to untreated 
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animals.  The treatment was well-tolerated, and there 
was no detection of off-target impact on global gene 
expression, and no upregulation of immune-specific 
genes suggestive of an immune response (O'Geen et 
al. 2023).     

Changes in motor phenotypes were assessed following 
treatment with AAV-SK1 using the open field, 
Rotarod, and DigiGait analysis.  AS mice treated with 
AAV-SK1 demonstrated improved performance in the 
open field test, with total activity values restored to 
WT levels, and DigiGate analysis showed restoration 
of stride frequency to WT levels, yet there was no 
significant improvement on the Rotarod when 
compared to untreated animals (O'Geen et al. 
2023).   These data indicate that treatment with ATFs 
can restore Ube3a to approximately 27% of WT levels, 
and this is sufficient for adolescent/adult mice to 
achieve improvement in various phenotypes (Table 4).  

Antisense Oligonucleotide (ASO) Treatments 
for UBE3A Reactivation   
An ASO targeting the UBE3A-ATS transcript 
functions by selectively degrading the long non-
coding RNA which normally silences the paternal 
UBE3A allele in neurons. By disrupting the UBE3A-
ATS, an ASO enables reactivation of the otherwise 
epigenetically repressed paternal allele.    

The first proof-of-concept studies on the utility of an 
ASO for AS were reported by Meng et al. using an 
ASO sequence targeting the mouse Ube3a-ATS (Meng 
et al. 2015). Meng, et al. coupled this approach with 
the use of the paternal Ube3a YFP reporter mouse 
model, which enabled direct visualization and 
quantification of paternal Ube3a protein expression 
from inserting a yellow fluorescent protein (YFP) tag 
into the endogenous silenced paternal Ube3a locus of 
otherwise wild-type mice (Meng et al. 2015). This 
treatment reduced the Ube3a-ATS RNA levels by 60–
70%, leading to a 2–5-fold increase in paternal Ube3a-
YFP transcript and partial restoration of Ube3a-YFP 
protein to 82% in the cortex, 33% in the hippocampus, 
and 73% in the spinal cord relative to maternally 
expressing controls after ICV delivery. Protein 
reactivation was stable for up to 16 weeks and spatially 
widespread, with no adverse effects on glial activation 
or nearby imprinted genes such as Snord116 (Meng et 
al. 2015). Behavioral rescue in treated 
adolescent/adult (P30-60) Ube3am–/p+ AS mice (model: 

Jiang 1998) included normalization of contextual fear 
conditioning and a sustained correction of the obesity 
phenotype, although no improvements were observed 
in marble burying, open field, or rotarod performance 
(Meng et al. 2015).    

Milazzo, et al. (Milazzo et al. 2021) developed a novel 
ASO targeting Ube3a-ATS, RTR26266, based on in 
vitro knockdown and upregulation of Ube3a 
expression, as well as favorable in vivo tolerability 
(Milazzo et al. 2021). A single dose of RTR26266 was 
delivered by ICV injection at P1 in the Ube3am–/p+ AS 
mice (model: Jiang 1998).  Ube3a was detected in 
treated AS mice one-week post-injection, and at two 
weeks widespread brain-wide Ube3a protein 
reinstatement was observed, with a peak expression of 
approximately 70-80% relative to WT. The percent of 
Ube3a observed in the treated AS mouse brains 
declined from the two-week maximum to 
approximately 20% of WT levels by 9 weeks post-
injection (Milazzo et al. 2021) (Table 4).     

Similar to Meng et al., behavioral rescue was domain-
specific but revealed a greater positive effect on the 
established AS mouse model phenotype, showing that 
P1-treated AS mice exhibited normalized behavior on 
the open field test and improved performance in the 
forced swim test and reverse rotarod. However, 
repetitive and innate behaviors such as marble burying 
and nest building remained impaired (Milazzo et al. 
2021). Seizure susceptibility was completely 
abolished, and hippocampal synaptic plasticity, as 
measured by long-term potentiation (LTP), was 
restored to wild-type levels. Anatomically, there was a 
trend toward correction of microcephaly, though not 
statistically significant (Milazzo et al. 2021). To test 
the efficacy of later intervention, juvenile (P21) AS 
mice received a single ICV dose of RTR26266. This 
treatment also resulted in broad reactivation of Ube3a 
across multiple brain regions and cell types, with 
protein levels reaching 50–99% of wild-type 
depending on the region. Audiogenic seizure 
susceptibility was fully rescued, supporting the 
existence of a broader therapeutic window for seizure 
phenotypes. However, hippocampal LTP was only 
modestly improved and did not reach statistical 
significance.  Other behavioral and cognitive 
assessments were not assessed in this study (Milazzo 
et al. 2021).  
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Finally, a comparative study from Lee, et al., 
evaluated novel ASOs targeting Ube3a and Snord115 
antisense transcripts for paternal Ube3a expression in 
the Ube3amΔe6/p+AS mouse model, which was created 
to ensure full knockout of Ube3a in the brain (model: 
Lee et al. 2023).   When administered to juvenile mice 
(P21–24), both ASOs produced a statistically 
significant increase in Ube3a mRNA and protein 
levels relative to animals treated with a non-targeting 
control ASOs.   Both ASO’s suppressed Ube3a-ATS 
across multiple brain regions and the effect was 
observed to last approximately 10 weeks.   When adult 
(P56-72) Ube3amΔe6/p mice were treated with either the 
Ube3a or Snord115 ASO, a statistically significant 
increase in Ube3a protein was observed in the anterior 
cortex and hippocampus, suggesting that there is 
potential for some rescue in adult animals (Lee et al. 
2023).  Using EEG as a functional readout of 
treatment effects, treatment of juvenile animals with 
the ASOs resulted in the observation of a decrease of 
the power in the alpha, low beta, and high beta bands 
and an increase of the power in the high gamma band, 
resulting in a normalization of the (α + β1 + β2)/γ2 
ratio in the frontal and somatosensory cortices 
particularly at 3 and 6 weeks post ASO injection. 
Treating the adult Ube3amΔe6/p mice also resulted in 
improvements in EEG, the power in the low frequency 
bands was reduced and the power in the high gamma 
band was increased in the frontal cortex thereby 
reducing the (α + β1 + β2)/γ2 ratio to near that of WT 
animals (Lee et al. 2023). Juvenile and adult ASO 
treated animals had improvements in sleep, showing 
normalization of REM and non-REM sleep to WT 
levels that was maintained for up to 10 weeks post-
injection (Lee et al. 2023).  At both treatment ages, the 
improvements occurred in a Ube3a protein dependent 
manner, as the effects waned as Ube3a protein levels 
decreased (Lee et al. 2023). While improvements were 
seen in sleep and EEG rhythms in treated animals 
relative to control animals, neither ASO substantially 
reduced the frequency of poly-spikes observed by 
EEG in juvenile or adult treated animals.  EEG traces 
from the left frontal cortices, left somatosensory 
cortices and right visual cortices show increased poly-
spike activity in ASO treated animals relative to 
control or WT animals.  These data indicate that under 
the experimental conditions used in the study, the 
degree of Ube3a restoration was not sufficient to fully 
resolve the cortical hyperexcitability (Lee et al. 2023), 

suggesting either higher Ube3a expression is needed 
to show significant phenotypic rescue and that 
increased Ube3a expression would show a greater 
effect for established seizure control.  Interestingly, in 
this study, the pathognomonic delta power phenotype 
in this mouse model/strain was not robust enough at 
baseline compared to WT or after ASO treatment to 
confirm a change that has been seen with the original 
Jiang et al 1998 mouse model (Table 4). 

The totality of the data in the AS mouse models 
suggests that ASOs are a viable option for treatment of 
AS, however, when comparing experiments 
performed in different laboratories, it is important to 
remember that dose is not the only parameter that may 
impact outcome.  The specific sequences of the 
individual ASOs, chemical modifications, relative 
purity, and delivery medium may all play a role in the 
biodistribution, durability of effect, and ultimately 
efficacy.    

The contrast in behavioral recovery observed under 
different conditions (Table 4) as seen in the Cre-lox 
system compared to that observed when the AS mice 
are treated with all number of therapeutic modalities 
aimed at restoring Ube3a, suggest that potentially 
confounding variables inherent to the Cre-lox system 
may limit the amount of behavioral recovery that is 
possible in this model for certain neurodevelopmental 
disorders.   This contrast is further supported by 
ongoing Phase 1/2 clinical trials of ASOs. Preliminary 
data from open-label trials report behavioral 
improvements across a wide range of patient ages (4-
17 years of age for Ultragenyx, 2-50 for Ionis, and 1-
12 for Roche) (NCT04259281, NCT05127226, 
NCT04428281) Subgroup analysis based on various 
ages of development have not yet been available for 
the human clinical trials, but significant improvements 
have been reported by all sponsors across all ages 
indicates that a wide range of patients will benefit from 
therapeutic interventions.  The observed 
improvements in AS patients treated with ASOs, albeit 
open-label, are equally reported in broad age ranges by 
all sponsors, demonstrating the potential for 
therapeutic benefit may not be limited to the youngest 
patients, and that human clinical data will be more 
reflective of the possible human benefit than any 
experiment can be in a mouse model.     
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Current Human Proof of Concept Clinical 
Data for Novel AS Therapeutics  
Beginning in 2020, clinical trials using intrathecally 
delivered antisense oligonucleotides (ASOs) were 
initiated, and since that time there have been three 
ongoing open-label Phase 1/2 clinical trials using three 
distinct ASOs, all of which target different regions of 
the UBE3A-ATS in individuals living with AS. 
Participants ranged in age from 1 to 50 years 
(NCT04259281, NCT07157254, NCT04428281, 
NCT05127226) and include individuals with large 
deletions and intragenic mutations. A recent 
publication summarizes the Phase 2 data from one of 
these trials (Hoffman-LaRoche; Hipp et al. 2025) This 
study describes the safety, tolerability, and 
pharmacokinetics of rugonersen (RO7248824) and 
included children ranging in age from 1-12 (inclusive) 
with a confirmed diagnosis of AS including the 
deletion or mutation genotypes.  The study included 
within-participant dose-escalation to explore multiple 
dose levels, various dosing regimens of time interval 
of dosing, and was followed by a long-term extension 
phase to collect additional safety and tolerability 
data.  Fifty participants were enrolled in this multiple 
ascending dose (MAD) portion of the study, and all 
received two or three intrathecally delivered doses of 
rugonersen ranging from 6 mg to 180 mg in the first 
two months.  Doses were escalated across all cohorts, 
with the older cohort (ages 5-12) escalating before the 
younger cohort (ages 1-4), with the total dosing plus 
the post-treatment period being >= 225 days (Hipp et 
al. 2025).  Of the initial 50 enrolled participants, 49 
continued to the long-term extension in which some 
participants received 120 mg every 12 weeks, and 
others 180 mg every 24 weeks.  In addition, an 
additional cohort of 11 participants received a 60 mg 
dose every 16 weeks.  Overall, rugonersen was 
reported to be relatively well tolerated with no 
participants withdrawing from the study due to 
adverse events. Twenty-one participants (34%) 
experienced at least one serious adverse event (SAE), 
and the SAEs of 8 participants (13%) were classified 
as drug related.  The total number of AEs were 1225, 
of which 503 were classified as drug related (Hipp et 
al. 2025).   

EEG was measured as a pharmacodynamic marker of 
rugonersen activity.  The change in EEG delta power 
was recorded and compared both to the participants 

own pre-treatment baseline values, and an age 
matched AS natural history study (NHS) reference 
value.  On day 55 post-dosing, following two doses of 
rugonersen, the EEG delta power decreased -27.9% 
below the AS NHS reference, and by day 100, the EEG 
delta power decreased -41.3% below the AS NHS 
reference (Hipp et al. 2025).  At 100 days, 
approximately 14 weeks post-last dose of rugonersen, 
and at day 224 (24 weeks post-last dose), the EEG 
delta power started to increase back to the AS NHS 
reference range.  A more detailed analysis of the EEG 
delta power at day 100 post dosing indicated that the 
decrease was dose-dependent and was more 
pronounced for older participants.  In the long-term 
extension, the quantitative EEG delta power decrease 
was the most persistent in the cohorts receiving 120 
mg of rugonersen every 16 weeks when compared to 
the AS NHS reference, whereas the groups receiving 
180 mg every 24 weeks or 60 mg every 16 weeks did 
not display a difference relative to the AS NHS 
reference, presumably because these were trough 
assessments and the ASO was no longer active at the 
time the time of the assessment (Hipp et al. 2025).    

On the Bayley Scale of Infant Development-third 
edition (BSID-III) and the Vineland Adaptive 
Behavior Scales-third edition (VABS-3), participants 
in the MAD cohorts showed greater increases in 
growth score values than the AS NHS reference values 
over the same time frame, in all five VABS domains 
(including personal daily living skills, receptive 
communication, expressive communication, fine 
motor, and gross motor) , and four of the five BSID 
domains (cognition, receptive communication, 
expressive communication and fine motor, but not 
gross motor). The observed differences in rate of gain 
between the ASO-treated and NHS groups were 
comparable to the magnitude estimated to be 
minimally clinically important (Hipp et. al 2025) 
based on work that was done through the support of 
the Angelman Syndrome Biomarker and Outcome 
Measure Consortium (A-BOM).  Similarly, on the 
Symptoms of Angelman Syndrome-Clinician Global 
Impression (SAS-CGI) assessment of symptom 
change (SAS-CGI-Change), the apparent change in 
symptoms above the AS NHS baseline was consistent, 
with approximately 74% of participants having an 
improvement in the SAS-CGI-Change.  Changes in 
the BSID, VABS, and SAS-CGI-Change were also 



FAST-Data Analysis Reviews & Techniques, Vol. 1, Issue 1 

Knee et al.  81 

observed in the long-term extension and were of 
generally greater magnitude than the estimates of 
minimal clinical importance for the BSID, based on 
the assessment determined by an MCID study (Hipp et 
al 2025).  All dose regimens in this study showed 
similar magnitude of difference from the NH reference 
on BSID and VABS assessments, however, direct 
comparison of the dose groups is complicated by the 
differences in the timing of the doses and assessments 
as well as the variability in the dosing and testing 
regimen for each cohort (Hipp et al 2025).     

The positive changes observed in AS individuals 
treated with rugonersen are encouraging, however 
interpretation of open-label data is more complex than 
data from a blinded placebo- or sham-controlled trial, 
since expectation bias and other confounding 
variables; variable dosing regimens, genotypes, ages, 
and dose intervals or pauses need to be carefully 
considered in data interpretation.  Hoffman-LaRoche 
discontinued development of rugonersen in 2023, 
stating that the observed level of clinical efficacy was 
insufficient to meet Roche’s internal standards (Roche 
press release, July 6 2023), however, in 2025, the 
rights to develop rugonersen was acquired by Oak Hill 
Bio, and a phase 3 pivotal trial is expected to begin in 
2026 (OHB press release April 15, 2025).    

A second ASO, apazanersen (GTX-102; Ultragenyx 
Pharmaceuticals) completed their Phase 1/2 open label 
clinical study (NCT04259281) and has since 
completed enrollment of their Phase 3 sham-
controlled clinical trial in July 2025 (ASPIRE, 
NCT06617439).  The open-label, Phase 1/2, multiple 
ascending dose (MAD) study of GTX-102 enrolled 74 
children with large deletions, ages 4-17, 
inclusive.  Participants were administered 3 or 4 
monthly loading doses followed by quarterly 
maintenance dosing, and the safety, tolerability, and 
pharmacokinetics of apazanersen were 
assessed.  Performance on outcome measures were 
compared to an age and genotype matched 
longitudinal cohort from the AS natural history 
study.  Apazanersen was considered generally well 
tolerated, with approximately 15% of patients 
experiencing a treatment-related adverse event, and no 
participants withdrew from the study due to adverse 
events (Goodspeed 2024).   

Cognition assessed by the Bayley-4 (BSID-4) 
neurodevelopmental assessment showed rapid and 
statistically significant improvement in rate of 
developmental gain compared with age-matched 
prospective AS NHS data controls. Behavior assessed 
by the Angelman Severity Assessment (ASA) showed 
rapid improvements exceeding baseline in multiple 
domains determined meaningful by the disease 
concept model (challenging behaviors, sleep, 
communication, gross motor function), and 
hyperactivity and noncompliance, as assessed by the 
Aberrant Behavior Checklist-Community (ABC-C), 
showed significant improvement when compared to 
baseline and compared to the data collected in the 
longitudinal NHS. In addition, cognition and receptive 
communication assessed by BSID-4 showed clinically 
significant improvements compared to baseline and/or 
age-matched AS NHS data. The Multi-domain 
Responder Index (MDRI) analysis across the four 
domains of cognition, receptive communication, 
behavior and sleep resulted in a total net response of 
+2.0 (p-value <0.0001) (Tandon et al. 2021; 
Goodspeed 2024).  Most patients achieved a total net 
response of +2 to +4 in multiple clinical domains, 
demonstrating improvement exceeding the minimally 
important difference (MID) threshold presented at the 
2024 ABOM conference by Sadhwani et al. 2024 
(Goodspeed 2024).     

The third ASO in clinical trial is ION582 (Ionis 
Pharmaceuticals NCT05127226), who initiated their 
clinical development program in 2022 and is currently 
enrolling their Phase 3 placebo-controlled clinical trial 
(NCT06914690, REVEAL) after reporting positive 
Phase 1/2 clinical data (Ionis press release, July 22, 
2024).  The phase 1/2 study enrolled 51 participants 
ages 2 to 50, with either the large deletion or mutation 
genotypes, in an open label, MAD study.  The end of 
phase 1/2 data by Ionis Pharmaceuticals (Ionis press 
release, July 22, 2024) reported that ION582 showed 
favorable safety and tolerability at all dose levels. 
Evidence of consistent benefit was observed across all 
ages and genotypes tested as well as clinical 
improvement in rate of gain was observed across the 
key functional areas including communication, 
cognition and motor function, exceeding the AS NHS 
rate of gain over the same time period on the BSID-4, 
the VABS-3, and communication abilities on the 
Observer-Reported Communication Ability 
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(ORCA).  At 18 months of treatment, 97% of patients 
showed a meaningful response (defined as a change in 
baseline of >20% the standard deviation plus the 
expected change for growth from natural history 
study) in one or more domains of the Bayley-4, while 
83% showed a meaningful response on 2 or more 
Bayley-4 domains, and 71% of patients showed a 
meaningful response to 3 or more Bayley-4 
domains.  71% of patients showed a clinically 
meaningful response on the Bayley-4 expressive 
communication domain after 18 months of treatment 
(Ionis Innovation Day, October 7, 2025).    

The human data and its implications for 
future therapeutic strategies:  
Emerging data, albeit preliminary and from open label 
studies, from the ongoing ASO clinical trials targeting 
the paternal UBE3A-ATS, suggest that UBE3A 
reactivation may result in a meaningful clinical change 
in individuals living with AS.   The human clinical trial 
data is in broad agreement with the majority of pre-
clinical data obtained from multiple laboratories 
globally, all of whom used the genetically comparable 
AS mouse models, (Jiang et al, Lee et al). In these pre-
clinical studies improvements in cognition, motor 
coordination and balance, learning and memory, sleep, 
EEG, and anxiety-like behaviors was achieved, 
regardless of treatment age. The data from the mouse 
models suggested that numerous approaches may lead 
to restoration of Ube3a expression and have the 
potential to lead to meaningful clinical benefit for 
individuals with AS, despite the obvious and 
significant differences between the brains of mice and 
humans.  What was not anticipated by the AS mouse 
model(s) data is the impact on symptoms like 
expressive and receptive communication, activities of 
daily living, fine motor skills, and quality of life, 
which are not easily captured in rodent models.  The 
results of the ongoing controlled studies will be critical 
to further define clinically meaningful improvements 
in this population, and ultimately how these data 
correlate to the pre-clinical experiments of different 
ages and different genotypes.  

What is equally important to recognize is that the 
various therapeutic modalities tested in the AS mouse 
model(s) show a moderately different breadth of 
therapeutic benefit, with some more robust than 
others, regardless of age. This finding is likely related 

to a few factors:  1) a therapeutic that provides the 
most diffuse neuronal biodistribution (driven by dose, 
ROA, neuronal tropism, etc) and 2) a therapeutic that 
provides a long durability of effect for sustained 
Ube3a/UBE3A exposure, allowing the time necessary 
for learning. Taken together, the future of therapeutic 
interventions for humans living with Angelman 
syndrome is exciting, with the first clinical trial of an 
AAV-mediated gene replacement therapy expected to 
begin as a first-in-human Phase 1/2 trial in late 2025 
(NCT07181837).  

Building on this, Adrian Bird’s landmark Rett 
syndrome study demonstrated that re-introducing 
functional MECP2 after symptom onset, particularly 
in adult mice, rapidly reversed major neurological 
deficits, normalized breathing and activity, and 
extended lifespan, thereby overturning the assumption 
that a narrow early “critical period” strictly limits 
therapeutic benefit (Guy et al., 2007). The key 
message of how this relates to Angelman syndrome is 
not that the disorders are identical, but that significant 
circuit plasticity can persist well beyond early 
development when the causal molecular obstacle is 
addressed. This specific precedent strengthens the 
findings in the AS mouse model of full phenotypic 
rescue seen with some modalities, regardless of age, 
and supports the rationale for testing AS therapies 
across a broad age range. In summary, while some 
therapeutic models for various conditions suggest the 
importance of early intervention by demonstrating the 
failure to rescue key behaviors at later stages, 
translational therapeutic interventions in the more 
traditionally used AS mouse model seem to contradict 
these findings.   

This paradigm is not absolute, and as discussed here, 
has been challenged by multiple experiments and 
multiple laboratories using many different therapeutic 
mechanisms of Ube3a replacement or re-instatement, 
while nearly all have shown a positive impact on 
neurobehavioral phenotypes at each developmental 
stage.  The possibility of therapeutic intervention has 
been clearly demonstrated in numerous experiments 
using the most human-relevant mouse model and 
multiple therapeutic interventions with direct 
translatability to humans. These advances represent 
significant potential for meaningful benefit to patients 
living with AS today, regardless of their age (Table 
4).  Indeed, earlier intervention may ultimately result 
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in the greatest clinical benefit, at a time where 
neuroplasticity is greatest and neurons have the 
greatest chance for manipulation and change, but an 
overwhelming majority of the available data  strongly 
support the potential for meaningful benefit even in 
adults living with AS, suggesting that clinical trials 
should be inclusive of all ages from prenatal through 
adulthood.  Once safety is established in postnatal 
humans for the different therapeutic strategies, the 
natural next step is to evaluate if improved results can 
be achieved in a developing fetus in utero prior to the 
development of any symptoms of Angelman 
syndrome. Work here is already underway (Clarke, 
2024)  

Future research analyzing phenotypic recovery across 
various therapeutic modalities, genotypes and ages 
will hopefully give a more robust and comprehensive 
understanding of each variable and help to determine 
what might provide the greatest benefit to each 
specific population.  This understanding will help to 
maximize the true benefit of each therapy across 
diverse developmental contexts and help to drive 
decision making in one, or a combination, of 
therapeutic options.   
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