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ABSTRACT
Introduction: Angelman syndrome is a rare genetic neurodevelopmental disorder, caused by deficiency 
or abnormal function of the maternal ubiquitin protein-ligase E3A, known as UBE3A, in the central 
nervous system. There is no disease-modifying treatment available, but the therapeutic pipeline of 
Angelman syndrome includes at least 15 different approaches at preclinical or clinical development. In 
the coming years, several clinical trials will be enrolling patients, which prompted this comprehensive 
review.
Areas covered: We summarize and critically review the different therapeutic approaches. Some 
approaches attempt to restore the missing or nonfunctional UBE3A protein in the neurons via gene 
replacement or enzyme replacement therapies. Other therapies aim to induce expression of the normal 
paternal copy of the UBE3A gene by targeting a long non-coding RNA, the UBE3A-ATS, which interferes 
with its own expression. Another therapeutic category includes compounds that target molecular 
pathways and effector proteins known to be involved in Angelman syndrome pathophysiology.
Expert opinion: We believe that by 2022–2023, more than five disease-modifying treatments will be 
simultaneously at clinical testing. However, the are several challenges with regards to safety and 
efficacy, which need to be addressed. Additionally, there is still a significant unmet need for clinical 
trial readiness.
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1. Introduction

Angelman syndrome (AS), first characterized by Dr Harry 
Angelman in 1965, is a rare genetic neurodevelopmental dis-
order diagnosed in one in 12,000–20,000 live births (NORD, 
2018 & OMIM 105830). AS patients present with global devel-
opmental delay, learning difficulties, and particularly severe 
expressive language delay. Behaviorally, patients have 
a characteristically happy demeanor, which is usually 
expressed as unprovoked laughter, a love for water, and mala-
daptive behavior. Patients have movement disorders, includ-
ing gait ataxia, tremulousness of the limbs, and generalized 
hypotonia of the trunk. Commonly, patients also have seizure 
activity and sleep disturbance [1–8]. Treatment is supportive 
with a focus on seizures, sleep, and behavior, as no disease- 
modifying or AS-specific treatments are currently available.

The cause of AS is deficiency or abnormal function of the 
ubiquitin-protein ligase E3A, known as UBE3A, which is 
expressed from the maternal UBE3A allele, located on chromo-
some 15 in humans [9,10]. Loss of expression of the maternal 
UBE3A occurs via several molecular mechanisms. Most com-
monly, it occurs from de novo deletion of the maternal 
15q11.2-q13 critical area on chromosome 15 (approximately 
75% of cases) [11]. Other causes include frameshift, nonsense, 
or missense mutations in UBE3A, paternal uniparental disomy, 
and imprinting defects [5,10]. UBE3A is imprinted in the central 

nervous system (CNS), wherein the paternal copy is silenced 
by a long non-coding antisense transcript, the UBE3A-ATS. In 
both humans and mice, the antisense transcript silences the 
production of the paternal UBE3A gene [12,13].

UBE3A catalyzes ubiquitination, a process by which pro-
teins are tagged for degradation in the proteasome [14,15]. 
Several candidate UBE3A substrates have been identified, 
including the calcium (Ca2+)-activated small conductance 
potassium channel SK2, ephexin-5, p53, and p27 [16,17]. 
Network analysis of UBE3A suggests that several molecular 
pathways could potentially contribute to AS pathophysiology 
[18]. UBE3A plays a critical role in activity-dependent synaptic 
plasticity during development [19]. Mouse models of AS pre-
sent morphological abnormalities in the dendritic spine, 
impaired long-term potentiation (LTP) [20–22], and an ataxic 
phenotype [23].

Three strategies are being pursued in preclinical and clin-
ical development for the treatment of AS. One strategy aims to 
restore the missing or nonfunctional UBE3A protein in the 
neurons via gene replacement or enzyme replacement thera-
pies. The goal of a second approach is to ‘unsilence’ the 
paternal copy of the UBE3A gene. The third approach involves 
compounds that target molecular pathways and effector pro-
teins known to be involved in AS pathophysiology. The wide 
range of mechanistic approaches and the rapidly accelerating 
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pace of discovery render the understanding of the current 
pipeline challenging. An additional issue for physicians in 
contact with families is that there are data in public domains, 
such as social networks or websites of patient advocacy 
groups that have not been published in peer-reviewed med-
ical literature. This can make it difficult to provide sound and 
current advice to patients and to manage their expectations. 
The aim of this review is to summarize the candidate treat-
ments and therapies at clinical and late preclinical stages by 
describing not only peer-reviewed publications but also all 
publicly available data.

2. Materials and methods

We performed a comprehensive review of publications on 
PubMed and Cochrane using the keywords ‘Angelman 
Syndrome’ or ‘Angelman’ and ‘therapy/-ies’, ‘treatment/-s’, or 
‘therapeutic/-s’. We also searched all the ongoing clinical trials 
and studies registered with ClinicalTrials.gov by using the key 
word ‘Angelman Syndrome’. All publicly available information 
from the annual Foundation for Angelman Syndrome 
Therapeutics annual Summit and GALA (mentioned in the 
text as FAST Summit) available on the link:

https://www.youtube.com/channel/UCuAoKMiWQXb_ 
OcBnZppzQrQ was used.

Additionally, we reviewed publicly available information 
from official websites of the Foundation for Angelman 
Syndrome Therapeutics, the Angelman Syndrome Foundation.

[As a consequence, data reported below are collated not 
only from peer-reviewed publications, but also from press 
releases, or public presentations given at various conferences 
by the primary investigators, or industry representatives. Non- 
peer reviewed sources are listed as ‘additional sources’ to 
clearly indicate they have not been peer-reviewed.]

3. Results

3.1. Gene/enzyme replacement therapies

Several drugs in development for AS aim to restore the miss-
ing or nonfunctional UBE3A protein in the neurons via gene 
replacement or enzyme replacement. The compounds, com-
panies or institutions involved, and stages in development are 
listed in Table 1.

3.1.1. Adeno-associated virus-mediated gene replacement
Daily et al. [24] provided the first proof of concept that AS can 
be treated by exogenously supplying a copy of the UBE3A 
gene that codes for the homonymous protein to neurons. In 
the reported experiments, mice deficient in maternal Ube3a 
due to a null mutation received direct hippocampal injections 
of an adeno-associated virus (AAV) serotype 9, AAV-9, which 
had been transformed to carry a copy of the murine Ube3a 
gene [21,24]. Mice given gene replacement therapy showed 
significant associative learning and memory improvement as 
compared to controls, which were injected with an AAV-9 
vector carrying the transgene encoding a green fluorescent 
protein. However, in contrast to the memory, LTP was not 
completely rescued, as revealed via electrophysiology. 
Additionally, there was not adequate transduction of the 
transgene into the cerebellum, and, therefore, motor deficits, 
believed to be associated with this part of the brain, were not 
improved [24,25].

In principle, AAV vectors, transformed to carry a copy of the 
gene that requires replacement, are recognized by cell surface 
receptors of the target cells and they get internalized via 
endocytosis. They are then trafficked intracellularly in endoso-
mal vesicles and, after entering the nucleus through the 
nuclear pore complex, their genome gets released (uncoating). 
The single-stranded DNA undergoes second strand synthesis 
using the host polymerase, as a double-strand is required for 
transcription; some AAVs are ‘self-complementary’. Following 
this, the genome is usually stabilized as circular episomes, 
which can then be transcribed to mRNA and translated to 
protein by the cellular machinery. AAV genome can also inte-
grate into the host at low frequency (Figure 1) [26,27]. 
Researchers are focusing on engineering AAV vectors for 
CNS diseases with better bioavailability potential and neuronal 
transduction capability. Additionally, many factors can affect 
the efficacy of a gene replacement therapy for AS, including 
the use of different promoters, regulatory areas, or UBE3A 
transgenes. More specifically, UBE3A codes for the three 
UBE3A isoforms, which can occur via alternative splicing; it is 
yet unknown if some isoforms are more critical in the patho-
physiology of AS [28]. Based on presentations from the annual 
FAST Summit (additional sources 1–5), several institutions and 
companies are working toward an efficacious gene 

Article highlights

● Angelman syndrome (AS) is a rare genetic neurodevelopmental dis-
order, which is caused by deficiency or abnormal function of the 
maternal, ubiquitin protein-ligase E3A, known as UBE3A protein in 
the central nervous system.

● Several molecular mechanisms, including deletions and mutations, 
can affect the maternal UBE3A gene on chromosome 15 and subse-
quently expression of a normal protein. The paternal copy of the 
gene is silenced in neurons by genomic imprinting. A long non- 
coding RNA, the UBE3A-ATS is believed to hinder expression of the 
normal paternal UBE3A gene.

● Among the therapeutic strategies in the AS pipeline are those 
approaches that aim to restore the missing or non-functional 
UBE3A protein in the neurons via gene replacement or enzyme 
replacement therapies. An adeno-associated virus-mediated gene 
replacement therapy is in late preclinical development, close to 
clinical testing.

● Another promising category of therapeutic approaches for AS is 
targeting the UBE3A-ATS transcript intending to ‘unsilence’ the pater-
nal UBE3A gene. This category includes, among other, antisense 
oligonucleotides, topoisomerase inhibitors, and genome engineering 
approaches. Two antisense oligonucleotides are currently in clinical 
trials with a third one following.

● Other therapeutic approaches are targeting downstream molecular 
pathways, known to be involved in AS pathophysiology.

● More than 15 therapeutic approaches with the potential to treat AS 
are currently at preclinical and clinical development stages. There is 
still no available disease-modifying treatment for AS. However, we 
believe that in the next few years several candidates will be in clinical 
development simultaneously for AS.

This box summarizes key points contained in the article.
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replacement therapy for AS. A gene therapy approach, using 
a modified AAV vector (USF-AAV), GT-AS (previously known as 
AGIL-AS), is in late preclinical development.

3.1.2. Cell therapy
A gene therapy, based on autologous hemopoietic stem cell 
(HSC) transplantation after ex vivo lentiviral-mediated insertion 
of the UBE3A gene, is currently in late preclinical development 
(Figure 1) [29]. This type of approach is being investigated for 
several genetic disorders including immune deficiency disor-
ders [30], and other neurogenetic diseases like metachromatic 
leukodystrophy [31].

According to presentations at the FAST Summit (additional 
sources 6–7), this approach will initially require the collection 

of peripheral blood stem cells from patients. Ex vivo, a normal 
copy of the UBE3A gene will be inserted into the genome of 
the HSCs using a lentiviral-mediated approach, and then the 
cells will be re-infused intravenously back into the patient. This 
approach requires chemotherapy to allow adequate bone 
marrow occupation of the programmed HSCs. Following suc-
cessful autologous transplantation, HSCs will differentiate into 
physiologically occurring cell lines, including immune cells, 
that are able to cross the blood-brain barrier. In the CNS, the 
UBE3A protein will be secreted from the successfully engrafted 
cells and will be received by the deficient neurons in a process 
named cross-correction. This type of therapy has two main 
advantages. Firstly, the autologous transplantation of cells 
edited ex vivo increases the chances of success, as compared 

Figure 1. In vivo gene therapy and ex vivo gene therapy (cell therapy). In AAV-mediated gene therapy, AAV vectors, transformed to carry a copy of the gene that 
requires replacement, are recognized by cell surface receptors of the target cells and they get internalized via endocytosis. They are then trafficked intracellularly in 
endosomal vesicles and, after entering the nucleus through the nuclear pore complex, their genome gets released (uncoating). The single-stranded DNA 
undergoes second strand synthesis using the host polymerase, as a double-strand is required for transcription; some AAVs are “self-complementary”. Following 
this, the genome is usually stabilized as circular episomes, which can then be transcribed to mRNA and translated to protein by the cellular machinery. AAV genome 
can also integrate into the host at low frequency. In cell therapy, HSCs are isolated from the patient. Ex vivo lentiviral programming of these HSCs leads to 
integration of the UBE3A gene into the genome. After autologous transplantation, the HSCs carrying the normal copy of the gene differentiate into cells that have 
the ability to cross the blood-brain barrier. Once successfully engrafted in the CNS, cells produce UBE3A protein and supply the deficient neurons via cross-correction.

Table 1. Gene/protein replacement therapies.

Compound Institution or Company Mechanism of action Clinical 
phase

Method of 
administration

Reference

Gene replacement via AVV-9 (e. 
g, GT-AS)

USF/PTC Therapeutics, UPenn,Sarepta/ 
StrideBio, 
UNC/AskBio, Bamboo/Pfizer

Gene replacement in 
neurons

Preclinical Intrathecal/ 
intraventricular

Daily et al., 2011

Cell therapy UC Davis Cell therapy Preclinical Intravenous Additional 
sources: 6–7

Enzyme Replacement Therapy 
(ERT)

UC Davis Protein replacement in 
neurons

Discovery Intrathecal/ 
intravenous

Additional source: 
8

Abbreviations: AAV: adeno-associated virus, USF: University of South Florida, UPenn: University of Pennsylvania, UNC: University of North Carolina – Chapel Hill, AskBio: 
Asklepios Biopharmaceutical, UC Davis: University of California Davis 
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to allogeneic transplantation against which an immune reac-
tion is more probable. Secondly, the strategy will likely provide 
a permanent treatment, as UBE3A will theoretically be inte-
grated into the genome of the HSCs and will, therefore, con-
tinue to be present after cell divisions.

3.1.3. Enzyme replacement therapies
Enzyme replacement therapies (ERTs) are broadly used for the 
treatment of metabolic diseases associated with a single 
enzyme deficiency or abnormal function, like Gaucher’s dis-
ease and Pompe disease [32,33]. An ERT is currently in pre-
clinical development for AS. ERT aims to deliver a purified 
form of the missing or nonfunctional UBE3A protein into 
neurons, both in the intracellular and extracellular space. In 
a recent animal study, researchers found that UBE3A is not 
only excreted but maintains the enzymatic ubiquitinating 
activity outside neurons [34]. ERT is still at the discovery 
level. Cell-based and animal studies are underway to prove 
the concept and assess the safety of such therapy (additional 
source 8).

3.2. ‘Unsilencing’ of the paternal allele

In both humans and mouse models, the transcription of the 
long non-coding RNA transcript, the UBE3A-ATS and Ube3a- 
ATS respectively, is regulated from areas at or upstream the 

Prader-Willi syndrome imprinting center (PWS-IC). The Ube3a- 
ATS runs through the Snurf/Snrpn, Snord116, Ipw, Snord115 and 
to the Ube3a coding region in antisense orientation [35]. On 
the paternal chromosome 15, the transcription of the UBE3A- 
ATS results in ‘silencing’ of the UBE3A gene (Figure 2a) [12].

In mice, decreased Ube3a-ATS levels, due to deletion of its 
promoter area, lead to increased expression of paternal Ube3a 
[12,36]. Mice with a poly(A) cassette between the Snord115 and 
Ube3a areas on the paternal chromosome, which results in pre-
mature termination of the Ube3a-ATS transcript, have decreased 
Ube3a-ATS levels and twice the amount of Ube3a mRNA, as 
compared to control mice. Mice deficient in maternal Ube3a 
due to a null mutation [21], which received the poly(A) cassette 
on the paternal side, had increased Ube3a levels in different 
regions of the brain. These mice exhibited improved phenotypi-
cal characteristics, including improved motor coordination and 
LTP enhancement [13]. This was the first proof of concept that 
selective inhibition of UBE3A-ATS transcription can lead to the 
‘unsilencing’ of the paternal UBE3A allele and triggered several 
therapeutic approaches. The compounds, companies or institu-
tions involved, and stages in development are listed in Table 2.

3.2.1. Antisense oligonucleotides
The use of antisense oligonucleotides (ASOs) complementary 
to the distal part of the Ube3a-ATS increases paternal Ube3a 
expression, likely by recruitment of RNase H, which degrades 

Figure 2. Therapeutic strategies for “unsilencing” of the paternal UBE3A. (a) The normal paternal copy of the UBE3A gene on chromosome 15 is “silenced” due to 
genomic imprinting. In both humans and mouse models, the transcription of the long non-coding RNA, the UBE3A-ATS and Ube3a-ATS respectively, is regulated 
from areas at or upstream the PWS-IC. The Ube3a-ATS runs through the Snurf/Snrpn, Snord116, Ipw, Snord115 and to the Ube3a coding region in antisense 
orientation. On the paternal chromosome 15, the transcription of the UBE3A-ATS results in “silencing” of the UBE3A gene. (b) ASOs complementary to the distal part 
of UBE3A-ATS can lead to RNase H-mediated cleavage of the ASO/RNA hybrid and to premature termination of UBE3A-ATS transcription. In the absence of UBE3A-ATS 
transcription, the paternal UBE3A is expressed. ASOs are currently in clinical development. (c) CRISPR/Cas9-mediated mutagenesis in the genomic areas that code for 
the UBE3A-ATS can potentially lead to the “unsilencing” of the paternal UBE3A likely by early cessation of the UBE3A-ATS transcription. Brackets indicate the areas 
which lead to “unsilencing” of the paternal UBE3A when targeted in animal studies. This approach is still in preclinical development. (d) KRAB fused-zinc finger 
proteins that bind to the promoter of UBE3A-ATS can potentially suppress UBE3A-ATS transcription and “unsilence” the paternal UBE3A. This approach is still in 
preclinical development.
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the ASO/RNA hybrid. Ube3a-ATS and the critical for Prader- 
Willi syndrome (PWS), Snord116, are processed from the same 
precursor RNA. Interestingly, the production of mature 
Snord116 is not affected, probably due to the fast rate of 
splicing compared to the time required for transcription 
between the Snord116 and the ASO binding site 
(Figure 2b) [37].

Currently, two ASOs are actively in human trials, named 
GTX-102 and RO7248824. A third, ION582, is in preclinical 
development. ASOs can differ both in their sequences and 
structures [38]. For example, locked nucleic acids (LNAs) are 
a specific type of ASOs with an unnatural backbone that 
results in higher affinity, increased metabolic stability, and 
lower toxicity. LNAs have a biradicle bridge between C2 and 
C4 carbons of the ribose [39].

The first phase 1/2 clinical trial (KIK-AS, NCT04259281) of 
the ASO, GTX-102 showed promising results. According to the 
press release (additional source 9) five patients have been 
treated with the GTX-102. The drug was administered intrathe-
cally with an ascending five-dose scheme. Participants pre-
sented with clinical improvement that lasted at least three to 
five months. All patients showed improvement at least in 
three domains of the AS-adjusted Clinical Global Impressions 
(CGI) Scale. After treatment, patients had improved scores in 
the domains of receptive and expressive communication on 
the Bayley Scales of Infant and Toddler Development-4 and 
three of them on the Observer Reporter Communication 
Ability (ORCA) communication tool. However, all five partici-
pants presented the serious adverse event of lower limb 
weakness at the highest doses tested, which was associated 

with inflammation of the meninges and the nerve roots in the 
region of the intrathecal administration. The lower limb weak-
ness resolved for all participants, and the observed clinical 
benefits of the treatment lasted far longer than the duration 
of the adverse event, approximately three to five months after 
the last dose.

RO7248824 (or RG6091) is currently at phase 1 clinical trial 
(TANGELO, NCT04428281) (additional source 10). ION582 is in 
preclinical development (additional source 11).

3.2.2. Topoisomerase inhibitors
During a screening process of small molecules with the poten-
tial to ‘unsilence’ the paternal UBE3A allele, 16 topoisomerase 
type I and II inhibitors showed promising results. The topoi-
somerase inhibitor I, topotecan, which is approved by the US 
Food and Drug Administration (FDA) for use as 
a chemotherapeutic agent, showed promising results both 
in vitro and in vivo [40]. Mice carrying a fusion gene between 
the paternal Ube3a and a coding gene for a yellow fluorescent 
protein were used for the screening [20]. In vitro, topotecan 
administration resulted in restoration of functional Ube3a to 
wild type levels in cultures of primary cortical neurons from 
mice deficient in maternal Ube3a due to a null mutation [21]. 
When these mice were treated with topotecan via intracereb-
roventricular administration, Ube3a levels were increased in 
the hippocampus, striatum, cerebral cortex, and cerebellum in 
a dose-dependent manner [40]. When administered intrathe-
cally, topotecan increased paternal Ube3a expression primarily 
in spinal cord neurons and the results remained 12 weeks after 
the last dose [40]. Mechanistically, topotecan suppresses 

Table 2. Unsilencing of paternal copy.

Compound Institution or Company Mechanism of action Clinical phase
Method of 
administration Reference

GTX-102 GeneTx Biotherapeutics/ 
Ultragenyx 
Pharmaceutical

ASO against the distal 
part of UBE3A-ATS

Phase 1/2 
NCT04259281(KIK- 
AS)

Intrathecal Meng et al., 2015

RO7248824 (RG6091) Hoffmann La Roche ASO against the distal 
part of UBE3A-ATS

Phase 1 NCT04428281 
(TANGELO)

Intrathecal Meng et al., 2015

ION582 Ionis/Biogen ASO against the distal 
part of UBE3A-ATS

Preclinical Intrathecal Meng et al., 2015

Topoisomerase 
inhibitors type I and 
II (e.g. topotecan, 
indotecan)

UNC Inhibits UBE3A-ATS 
expression 
potentially via 
R-loop stabilization 
over SNORD116

Preclinical (for AS) Oral Huang et al., 2012 
and Powell et al., 
2013

CRISPR/Cas9 UNC/AskBio, UPenn, UC 
Davis

Mutagenesis of UBE3A- 
ATS coding area

Preclinical Intrathecal/ 
intraventricular

Wolter et al., 2020 
and Schmid et al., 
2021

Zinc Finger-based ATFs UC Davis UBE3A-ATS regulation/ 
expression 
reduction

Preclinical Likely systematic Bailus et al., 2016

shRNAs (e.g. TSHA-106, 
OV882)

Taysha Gene Therapies/UT 
Southwestern Medical 
Center, UConn/Ovid 
Therapeutics

UBE3A-ATS regulation/ 
expression 
reduction

Discovery - Additional sources: 
13–14

miRNAs UPenn UBE3A-ATS regulation/ 
expression 
reduction

Discovery - Additional source: 15

Small molecules UNC/Pfizer - Discovery - Additional source: 16

Abbreviations: ASO: antisense oligonucleotide, UNC: University of North Carolina, Chapel Hill, AskBio: Asklepios Biopharmaceutical, UPenn: University of Pennsylvania, UC 
Davis: University of California Davis, ATFs: artificial transcription factors, shRNAs: small hairin RNAs, UT Southwestern Medical Center: University of Texas Southwestern 
Medical Center, UConn: University of Connecticut, miRNAs: microRNAs 
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Ube3a-ATS transcription via the stabilization of R-loops over 
the paternal Snord116 cluster, which are known to create 
genomic instability and transcription cessation [41,42]. Since 
the bioavailability of topotecan in the CNS is limited, other 
topoisomerase I inhibitors were investigated, and indotecan 
was shown to have a better pharmacological profile [43].

However, despite the favorable effect, topotecan led to 
nonspecific reduction in expression of other genomic areas 
[40]. Additionally, impairment of topoisomerase activity 
represses the expression of several long genes linked to aut-
ism in vitro [44]. For such reasons, the ‘off-target’ effects of 
using topoisomerase inhibitors require careful consideration.

3.2.3. CRISPR/Cas9
CRISPR/Cas9 has been successfully used in preclinical studies 
to mutate the region encoding the Ube3a-ATS transcript, block 
its expression and ‘unsilence’ the paternal Ube3a allele. 
Researchers screened a library of different guide RNAs 
(gRNAs), which target regulatory areas close to or within the 
Ube3a-ATS coding area of the genome. Of those, the gRNAs 
targeting the Snord116 and Snord115 clusters resulted in the 
most efficient ‘unsilencing’ the paternal copy of Ube3a when 
transduced to cortical neurons of mice that carry a fusion 
between the paternal Ube3a allele and a coding gene for 
a yellow fluorescent protein [20,45]. A gRNA, Spjw33, that 
simultaneously targets 76 areas within Snord115 was selected 
for further experiments (Figure 2c). Spjw33 selectively reduced 
the transcription of targeted Ube3a-ATS areas, in contrast to 
the controls treated with topotecan [45].

When mice lacking the maternal Ube3a allele were intracer-
ebroventricularly injected with an AAV carrying 
a Staphylococcus aureus Cas9 and a gRNA that targets 
a region similar to Spjw33 there was a significant increase in 
paternal Ube3a expression throughout the brain including the 
cortical neurons, the hippocampus, and the spinal cord (but 
not the cerebellum). The effects persisted for 17 months after 
a single injection, as confirmed by histological analysis of 
cortical neurons. Mice injected twice (during the embryonic 
and early postnatal period) had improved anatomical and 
behavioral features. This approach also resulted in increased 
biallelic Ube3a expression in primary human neural progeni-
tor-derived neurons transduced with gRNAs targeting the 
Snord115 cluster area. Researchers observed the integration 
of the vector into the host genome in the targeted areas [45].

A recent study showed that CRISPR/Cas9-mediated indel for-
mation in the genomic area between Snord115 and the paternal 
Ube3a can ‘unsilence’ the paternal allele and restore the motor 
and behavioral phenotype in mice lacking maternal Ube3a 
(Figure 2c). Neonatal mice were injected intracerebroventricu-
larly with an AAV vector carrying the S. aureus Cas9 and the 
gRNA (ATS-GE) under control of the synapsin promoter to drive 
neuronal expression. Sequencing analysis showed that approxi-
mately 20% of neurons underwent gene editing, suggesting 
that gene editing in a subset of neurons is adequate to alter 
phenotypical characteristics. The researchers suggested a pause 
of the Ube3a-ATS transcription at the indel insertion sites, allow-
ing Ube3a transcription [46]. Differences between the murine 

and the human genome will not allow use of the same gRNA 
sequences for human applications.

Researchers are also looking into the potential of using 
CRISPR/Cas13 to target directly the UBE3A-ATS RNA, rather 
than its coding DNA area (additional source 12).

3.2.4. Artificial transcription factors
Artificial transcription factors (ATFs) are binary systems that 
consist of a DNA-binding region and an effector that can 
regulate expression levels of the targeted gene [47]. Zinc- 
finger based ATFs successfully cross the blood-brain barrier 
when injected subcutaneously or intraperitoneally and sup-
press expression of Ube3a-ATS in mouse models of AS 
[21,48]. Systemic administration of an ATF composed of 
a zinc finger domain fused with the Krüppel associated box 
(KRAB) transcription repressor, the human immunodeficiency 
virus (HIV) cell-penetrating protein TAT (to facilitate endocy-
tosis), and a nuclear signal resulted in distribution through-
out the brain, as confirmed by in vivo fluorescence and 
immunochemistry. The ATF suppressed the production of 
the Ube3a-ATS by binding to the Snurf/Snrpn promoter area 
(Figure 2d). This led to restoration of Ube3a to levels inter-
mediate between the AS mice and the wild type mice, as 
confirmed by both immunochemistry of the hippocampus 
and cerebellum, as well as western blotting. Different dosing 
regimens or a combination of zinc fingers targeting different 
upstream promoter areas of UBE3A-ATS could increase the 
efficacy of this type of treatment [48]. Behavioral experi-
ments have not been performed to assess the effect on 
the phenotypes of the treated mice.

3.2.5. Short hairpin RNAs and microRNAs
Short hairpin RNAs (shRNAs) and microRNAs (miRNAs) can be 
used to target the UBE3A-ATS transcript for degradation through 
the RNA interference process. Viral vectors (e.g. AAVs) or DNA 
plasmids can be used to induce production of shRNAs in neurons. 
The stability of shRNAs in cellular environment makes this type of 
agent a promising candidate for use in treatments with infre-
quent dosing. Therapies for AS utilizing shRNAs (e.g. TSHA-106, 
OV882) and miRNAs are at the discovery level (additional source 
13–15).

3.2.6. Small molecules
Three small-molecule compounds were shown to be efficacious 
in ‘unsilencing’ the paternal UBE3A (additional source 16). These 
compounds appear to have better safety profiles than topoi-
somerase inhibitors. These compounds are at the discovery 
stage of development. Further studies to assess the efficacy, 
bioavailability, and safety profile of these molecules are required.

3.3. Downstream treatments

The types of therapeutic agents discussed above aim to pro-
vide definitive treatment for AS via restoration of UBE3A func-
tion in neurons. An alternative is to target molecular pathways 
and effector proteins known to be involved in AS pathophy-
siology. The goals of these downstream treatments are to 
restore inhibitory transmission and to improve synaptic func-
tion and plasticity. Some other downstream treatments target 
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pathways associated with specific symptoms such as epilepsy 
or non-epileptic myoclonus. The compounds, companies or 
institutions involved, and stages in development are listed in 
Table 3.

3.3.1. Restoration of tonic inhibition: gaboxadol (OV101)
Preclinical studies in mice deficient in maternal Ube3a showed 
that the likely cause of motor dysfunction lies in the functional 
disruption of the cerebellar cortex due to impaired tonic 
inhibition [49,50]. Electrophysiology of granule cells of cere-
bellar slices revealed that the γ-aminobutyric acid receptor 
type A (GABAA)-associated current was significantly decreased 
into adulthood. In AS mice, levels of the γ-aminobutyric acid 
transporter GAT1, which is believed to be ubiquitinated by 
UBE3A, are high, and this results in excessive downregulation 
of GABAA receptors [49]. In vivo restoration of GABA levels by 
administration of the compound 4,5,6,7-tetrahydroisothiazole- 
[5,4-c]-pyridine-3-ol, an extrasynaptic GABAA agonist resulted 
in phenotypic rescue [49].

A delta (δ)-GABA receptor positive allosteric modulator, 
gaboxadol (OV101), was developed with the aim of restoring 
tonic inhibition for AS patients. In a phase 2 clinical trial 
(STARS, NCT02996305), gaboxadol was found to be overall 
safe with only mild to moderate adverse effects [51]. After 
12 weeks of treatment, participants who were treated orally 
with 15 mg of gaboxadol in the evening showed significant 
overall improvement on the CGI Scale, specifically adapted for 
AS, as compared to placebo-treated controls. However, there 
was no significant improvement for participants treated with 
the higher daily dose of 25 mg of gaboxadol administered in 
two doses of 10 mg and 15 mg. The researchers suggested 
that this could be the effect of developed tolerance [51].

A phase 3 clinical trial (NEPTUNE, NCT04106557) was con-
ducted in order to assess the efficacy of oral gaboxadol adminis-
tered once daily. This was a randomized, double-blind, placebo- 

control trial using a revised AS-specific CGI, as a primary end-
point. A total of 97 AS patients participated. In December 2020, it 
was announced that the primary endpoint was not met and that 
no significant changes were observed in the secondary outcome 
measures (press release, additional source 17).

3.3.2. Agents to improve synapse growth, maintenance, 
and function
3.3.2.1. Insulin-like growth factors. Insulin-like growth fac-
tors IGF-1 and IGF-2 are important for the development, 
growth, and maintenance of synapses in the CNS [52,53]. In 
preclinical studies, an IGF-1 analogue (NNZ-2566) was ineffec-
tive (additional source 18). However, it was recently shown 
that subcutaneous administration of mannose-6-phosphate 
(M6P) and IGF-2, the ligands for the IGF-2 receptor (IGF2R), 
can significantly improve motor dysfunction, cognitive impair-
ment, and memory in mice deficient in maternal Ube3a due to 
a null mutation [21]. Additionally, mice treated with IGF-2 
showed a decrease in acoustically induced seizures [54].

3.3.2.2. Cyclic glycine-proline (NNZ-2591). Cyclic glycine- 
proline (cGP) is a naturally occurring metabolite of IGF-1 that 
regulates the bioavailability of IGF-1 [55,56]. NNZ-2591 is 
a synthetic analogue of cGP that has a longer half-life and 
improved bioavailability [57]. According to presentations at 
the FAST Summit (additional source 19), the 6-week treatment 
of AS mice with NNZ-2591 resulted in significant improvement 
in motor and cognitive deficits and decreased their seizure 
activity. Phase 1 clinical trial (NCT04379869) data showed no 
safety concerns in healthy volunteers in Australia (press 
release, additional source 20). A phase 2 clinical trial for effi-
cacy in AS, Phelan-McDermid syndrome, and Pitt Hopkins 
syndrome patients is planned.

Table 3. Downstream treatments.

Compound Institution or Company Mechanism of action Clinical phase
Method of 
administration Reference

Gaboxadol (OV101) Ovid Therapeutics Tonic inhibition 
restoration

Did not meet primary 
endpoint in phase 3 
NCT04106557 
(NEPTUNE)

Oral Egawa et al., 2012

IGF-2 R ligands NYU Improves synaptic growth 
and maintenance

Preclinical Subcutaneous Cruz et al., 2021

Cyclic glycine-proline 
analog (NNZ-2591)

Neuren Therapeutics Improves synaptic growth 
and maintenance

Phase 1 NCT04379869 in 
healthy volunteers

Oral Additional sources: 
19–20

PP2A inhibitor (LB-100) UC Davis, Lixte Inhibition of PP2A: 
improves synaptic 
function, enhances 
synaptic plasticity

Phase 1 NCT01837667 as 
a treatment for adults with 
solid tumors. 
Currently assessed for 
ability to cross blood-brain 
barrier in NCT03027388

Oral Wang et al., 2019

NSI-189 phosphate Seneca Biopharma Improves synaptic 
function, enhances 
synaptic plasticity

Phase 2 NCT02695472 as 
a treatment for major 
depressive disorder

Oral Liu et al., 2019

SAGE-324 Sage Therapeutics Improves GABAergic 
transmission

Phase 2 NCT04305275 as 
a treatment for essential 
tremor

Oral Additional source: 21

Ketone esters 
(exogenous 
supplementation)

University of Colorado/ 
Trumacro Nutrition 
(Disruptive Enterprises)

Seizures Phase 2 NCT03644693 Oral Ciarlone et al., 2016 
and 
Herber et al., 2020

Abbreviations: IGF-2 R: insulin-like growth factor-2 receptor, NYU: New York University, PP2A: protein phosphatase 2A, UC Davis: University of California Davis, GABA: 
gamma-aminobutyric acid 
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3.3.2.3. Protein phosphatase 2A inhibitor (LB-100). 
Phosphotyrosyl phosphatase activator (PTPA), an activator of 
the protein phosphatase 2 (PP2A), is a substrate of UBE3A, 
and, therefore, some AS patients have abnormally high PP2A 
activity. The UBE3A-PTPA-PP2A signaling pathway is crucial 
during development for both the morphogenesis of the den-
dritic spine and the function of excitatory synapses [58]. Both 
the genetic decrease of the PTPA and the pharmacological 
inhibition of the PP2A restored the dendritic spine morphol-
ogy in AS mouse models. Evaluation of brain slices from AS 
mice, which were treated with the PP2A inhibitor LB-100, 
showed enhanced synaptic transmission in the primary 
motor cortex compared to untreated mice [21,58]. 
Additionally, intraperitoneal injections of LB-100 into these 
mice led to significant improvement in muscle strength, 
motor coordination, and learning after 14 days. LB-100 was 
found to be safe in a phase 1 clinical trial (NCT01837667) as 
a treatment for adults with solid tumors [59]. This small mole-
cule is currently being tested for its ability to cross the blood- 
brain barrier in patients with brain tumors (NCT03027388). LB- 
100 is currently in preclinical development for AS.

3.3.2.4. NSI-189 phosphate. NSI-189 phosphate, 
a benzylpiperazine-aminopyridine, is a neuroprotective agent 
which was also shown to stimulate neurogenesis both in vitro 
in human hippocampus-derived neural stem cells and in vivo 
in murine hippocampus [60,61]. In a phase 2 clinical trial for 
the treatment of major depression disorder (NCT02695472), 
NSI-189 had both antidepressant and procognitive effects 
[62,63]. The therapeutic potential of NSI-189 for AS has been 
tested in preclinical studies. Electrophysiology of hippocampal 
slices from AS mice [22], which were treated with NSI-189, 
showed improved theta burst stimulation-induced LTP at the 
CA1 region [22,64]. Further, those treated for 16 days demon-
strated improved learning and memory functions, as assessed 
with fear conditioning. Within 5 days of treatment with the 
NSI-189-treated AS mice had improved motor function and 
their performance on treatment even exceeded that of the 
wild type mice at the highest doses. With a few days of 
treatment, the effects persisted for more than 3 weeks, even 
though the half-life of the compound is about 2 hours in mice. 
Mechanistically, these changes are believed to be mediated by 
the TrkB-Akt pathway, which is known to be involved in 
synaptic plasticity. Changes likely require gene transcription, 
which probably accounts for the time-dependence of the 
effects [64].

3.3.3. Treatment of symptoms
3.3.3.1. SAGE-324. SAGE-324 is a positive allosteric modula-
tor of the GABA receptor with a long half-life, which has the 
potential to improve disrupted GABAergic transmission and to 
treat symptoms of AS, such as epilepsy and non-epileptic 
myoclonus. Its efficacy is being tested for a broad spectrum 
of neurological conditions presenting with essential tremor, 
like Parkinson’s disease (additional source 21). The compound 
is currently in phase 2 clinical trial, being administered orally 
to participants with essential tremor (NCT04305275). 
Participants are being assessed by The Essential Tremor 

Rating Assessment Scale, a validated rating method for essen-
tial tremor.

3.3.3.2. Ketone esters. The increase of ketones by restriction 
of carbohydrates to less than 10 grams per day has been 
successfully used for intractable epilepsy, including AS 
patients [65]. A low glycemic index treatment, which focuses 
more on the glycemic indices of consumed carbohydrates, 
showed that restriction of low glycemic carbohydrates to 40– 
60 grams per day for AS patients was beneficial for the man-
agement of seizures [66]. A sustainable alternative to 
a ketogenic diet, with better-expected compliance, is the sup-
plementation with ketone esters. In preclinical studies, this has 
significantly improved the seizure burden, behavioral pheno-
type, and hippocampal synaptic plasticity in AS mice [67]. 
A formulation for exogenous supplementation with the 
ketone ester beta-hydroxybutyrate was assessed in a phase 2 
clinical trial [68].

4. Conclusion

At least 15 therapeutic approaches with potential to treat AS 
are currently at preclinical and clinical development stages. 
Among them, two ASOs and five downstream treatment 
approaches are in early clinical development. Gene replace-
ment approaches and cell therapy are currently in late pre-
clinical development. Recently, a compound aiming to restore 
tonic inhibition failed to meet the primary endpoint in a phase 
3 clinical trial. There is still no available disease-modifying 
treatment for AS. However, we believe that in the next few 
years, several candidates will be in clinical development simul-
taneously for AS.

5. Expert opinion

The number of preclinical and clinical developments for AS is 
impressive. More than five disease-modifying treatments will 
be in clinical development in 2022–2023. In comparison, three 
clinical trials were underway in 2016 for spinal muscular atro-
phy (SMA), which is considered to be the paradigm of a rare 
disease with multiple simultaneous therapeutic developments 
[69,70]. Taking into consideration the rarity of the disease, it is 
expected that patients’ availability will become an obstacle for 
later or less promising clinical trials.

AS is a monogenic disorder for which genetic therapies, 
such as ASOs or viral-mediated gene replacement therapies, 
have the potential to be disease-modifying. The potential 
impact of the first ASO in clinical development for AS, GTX- 
102, appears promising. However, participants experienced 
serious adverse events at the highest doses tested, which 
were associated with inflammation of the meninges and the 
nerve roots in the region of the intrathecal administration, but 
were ultimately resolved (press release, additional source 9). 
Intrathecal administration of ASOs has been demonstrated to 
be safe in the cases of SMA and amyotrophic lateral sclerosis 
[71–73]. With regards to safety, the main advantage of ASOs is 
their high specificity by which ‘off-target’ effects can be 
avoided. In contrast, topoisomerase inhibitors and genome 
engineering approaches might be efficient in ‘unsilencing’ 
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the paternal copy but are potentially less safe from this 
perspective.

A viral-mediated ex vivo gene therapy (cell therapy) using 
AAV is presently at late preclinical development, close to 
clinical testing. This will be the first time for a therapeutic 
approach of its kind to be tested for AS. A major challenge 
when translating results of viral-mediated gene therapies from 
mice and non-human primates to humans is dose scaling; this 
is particularly challenging for AS, as UBE3A is required 
throughout the brain and the threshold of expression needed 
for phenotypic rescue remains unknown. The most straightfor-
ward routes of administration for such therapies in the case of 
AS are those directed into the subarachnoid space, intrathe-
cally via lumbar puncture or via intra-cisterna magna injection, 
and intracerebroventricularly. Certainly, improved bioavailabil-
ity in the CNS can be achieved using these routes; however, 
they are highly interventional, especially considering the like-
lihood that redosing will be required. Nevertheless, AAVs have 
a good transduction capability with neurons. Additionally, 
their genome usually remains as extrachromosomal episomes 
in transduced cells and does not incorporate into the host 
genome [74]. This is reassuring from a safety perspective but 
raises concerns for the durability of expression. In contrast, the 
upcoming ex vivo gene therapy presents the advantage of 
being a permanent treatment: by using lentiviral program-
ming, the UBE3A gene is integrated into the chromosomes of 
the MSCs and therefore is copied with cell divisions.

Major challenges related to host immune response, inflam-
mation, and subsequent cytotoxicity are expected not only in 
the clinical development of both ASOs and gene replacement 
therapies. Even though AAVs are considered to have a better 
immunogenicity profile compared to other viral vectors (such 
as adenoviruses), their safety needs to be determined. So far, 
the only approved gene replacement therapy for a pediatric 
neurological disorder is onasemnogene abeparvovec for SMA. 
In an animal study of non-human primates and piglets, using 
the same AAV serotype and gene therapy construct as ona-
semnogene abeparvovec, it was demonstrated that its admin-
istration led to the degeneration of the dorsal root ganglia cell 
bodies and their axons [75]. Following this, the FDA placed 
a hold on the clinical trial of the intrathecal form of onasem-
nogene abeparvovec (press release, additional source 22). The 
addition of miR183 targets in the vectors could help reduce 
transgene expression and, therefore toxicity, in the dorsal root 
ganglia [76]. This approach has the potential to achieve better 
transduction in the brain without the rate-limiting step of 
dorsal root ganglia toxicity.

Preclinical studies have been conducted in animal models 
with mutations or deletions of the maternal gene. Patients with 
genotypes other than maternal mutation or deletion of UBE3A 
must be carefully enrolled in clinical trials, by taking into con-
sideration the mechanism of action of the therapy under test-
ing. For example, in cases of paternal uniparental disomy, 
strategies that aim to ‘unsilence’ the paternal copy could theo-
retically lead to expression of UBE3A protein to toxic levels from 
both gene copies. The main advantage of downstream treat-
ments is that they are theoretically active on all genotypes with 
the same toxicology package. Although none of these 

downstream treatments will provide a definite therapy for AS, 
we expect that they will improve symptoms and quality of life 
in combination with the upstream treatment approaches.

Currently, the identification of appropriate outcome mea-
sures with the potential to serve as endpoints in clinical trials 
remains one of the main unmet needs for AS. In order to 
prepare for such clinical trials, the AS community established 
the AS Biomarker and Outcome Measure Consortium (ABOM) 
to ensure that progress is made with this requirement. 
Furthermore, natural history studies have been initiated to 
collect longitudinal baseline data from AS patients, as well as 
create an easily accessible environment for clinical trial execu-
tion: one study led by Boston Children’s Hospital of Harvard 
University (USA) has been running for more than 8 years; 
another is presently being initiated at the University of 
Oxford (UK). Additionally, as a precursor to clinical trials, two 
non-interventional biomarker studies have been set up. The 
first (NCT04103333), which is focusing on the identification of 
cerebrospinal fluid biomarkers, is currently underway. 
The second (FREESIAS study), which aims to identify outcome 
measures with potential to become endpoints in upcoming 
clinical trials, is focusing on a variety of domains including 
sleep, seizures, independent self-care, and expressive commu-
nication. Measures under investigation include home-based 
electroencephalography (EEG) and sleep monitoring. Data 
analysis is currently underway for this fully enrolled and closed 
study.

Innovative and AS-specific outcomes are currently at vali-
dation stages. One example is the ORCA tool developed by 
Duke University to evaluate the communication domain for 
AS. EEG biomarkers, such as delta frequency, are also under 
investigation [77]. Furthermore, spontaneous movement mea-
surements, captured using magneto-inertial technology, were 
demonstrated to be very precise and sensitive outcome mea-
sures in Duchenne muscular dystrophy and SMA populations 
[78,79]. Preliminary, and very encouraging, data were likewise 
obtained for AS patients (manuscript under review). These 
methods can provide clinical investigators with a platform of 
digital outcomes that could be used at different stages of 
clinical development.

The recent developments in SMA have demonstrated that 
drugs which bring minor but significant benefits in postsymp-
tomatic patients can be transformative when administered 
before the onset of symptoms [80], prompting the addition 
of SMA to newborn screening programs in a number of 
countries [81]. A similar concept of a critical ‘time-window’ 
for intervention has been proposed for AS based on data 
from animal studies [80,82,83], at least for some physiological 
functions [37]. However, SMA is a neurodegenerative condi-
tion and the recent clinical data reported after GTX-102 treat-
ment would support the conclusion that by contrast, in AS 
there is potential for meaningful changes in patients of varied 
ages, and therefore, the concept of a critical developmental 
‘time-window’ must be considered individually (press release, 
additional source 9). Regardless, the development of new-
born screening methods will be of crucial importance, as 
this will allow trials to be conducted in presymptomatic 
patients.
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