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Angelman syndrome (AS) is an imprinted neurodevelopmental disorder that lacks
a cure, characterized by developmental delay, intellectual impairment, seizures,
ataxia, and paroxysmal laughter. The condition arises due to the loss of the
maternally inherited copy of the UBE3A gene in neurons. The paternally
inherited UBE3A allele is unable to compensate because it is silenced by the
expression of an antisense transcript (UBE3A-ATS) on the paternal chromosome.
UBE3A, encoding enigmatic E3 ubiquitin ligase variants, regulates target proteins
by either modifying their properties/functions or leading them to degradation
through the proteasome. Over time, animal models, particularly the Ube3amat-/pat+
Knock-Out (KO) mice, have significantly contributed to our understanding of the
molecular mechanisms underlying AS. However, a shift toward human pluripotent
stem cell models (PSCs), such as human embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), has gained momentum. These stem cell models
accurately capture human genetic and cellular characteristics, offering an
alternative or a complement to animal experimentation. Human stem cells
possess the remarkable ability to recapitulate neurogenesis and generate
“brain-in-a-dish” models, making them valuable tools for studying
neurodevelopmental disorders like AS. In this review, we provide an overview
of the current state-of-the-art human stem cell models of AS and explore their
potential to become the preclinical models of choice for drug screening and
development, thus propelling AS therapeutic advancements and improving the
lives of affected individuals.

KEYWORDS

Angelman syndrome (AS), genomic imprinting, UBE3A, pluripotent stem cells (PSCs),
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Introduction

Angelman Syndrome (AS) (OMIM#105830) is a rare neurodevelopmental disorder
estimated to affect between 1 in 12,000 and 1 in 20,000 live births (Buiting et al., 2016). It
presents a diverse symptomatology, including severe developmental delay, speech
impairment, movement disorders ranging from tremors to ataxia, epilepsy, and atypical
episodes of laughter and smiling. Typically, these symptoms begin to emerge between
6-9 months of age. However, it is important to note that a definitive diagnosis of AS may take
some time, usually within the first 3 years of a child’s life. Several characteristic features
commonly linked to AS may intersect with symptoms seen in other neurodevelopmental
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Milestones in Angelman Syndrome research. Highlighted years represent the year of the relevant publication. Abbreviations: UBEZA—Ubiquitin
Protein Ligase E3A; UBE3A-ATS—ubiquitin-protein ligase E3A anti-sense; ASOs—antisense oligonucleotides.

disorders. Therefore, a precise AS diagnosis requires validation
through molecular testing (Margolis et al., 2015; Maranga et al.,
2021).

AS results from the absence or deficiency of Ubiquitin Protein
Ligase E3A (UBE3A) protein function in neurons. By integrating the
ubiquitin-proteasome protein degradation pathway and possibly
other regulatory processes, UBE3A regulates protein function
and/or degradation of several specific targets through its
ubiquitination activity. As a result, disruption of normal UBE3A
expression is thought to affect several key neuronal processes
necessary for normal synaptic function and plasticity. While
UBE3A is biallelically expressed in most human tissues, only the
maternal copy of this gene is expressed in neurons, constituting an
example of a gene that is regulated by a cell type-specific form of
genomic imprinting (Williams et al., 2010; Margolis et al., 2015;
MedlinePlus, 2022). The lack of function of the maternal UBE3A
copy in neurons is sufficient for the manifestation of AS.

Our current understanding of AS has been built upon studies
using different models. Postmortem analysis of human AS tissues,
animal models such as mouse, rat, or Drosophila, and in vitro cellular
studies, have all furthered the knowledge of this disease and its
mechanisms (Jay et al., 1991; Jiang et al., 1998; Miura et al., 2002; Wu
et al., 2008; Chamberlain et al., 2010; Jiang et al., 2010; Berg et al.,
2020; Dodge et al, 2020). The most useful of all has been the
Ube3a™"*** Knock-Out (KO) mouse (Jiang et al., 1998) which
advanced our knowledge of the pathophysiological mechanisms of
the disease. Despite overall milder symptomatology when compared
to human AS individuals, this KO mouse has also been an important
preclinical model for drug development. More recently, the advent
of human embryonic stem cells (ESCs) and patient-derived induced
Pluripotent stem cells (iPSCs) have provided the possibility of new
avenues of research for AS, which overcomes some of the limitations
regarding phenotype recapitulation and ethical concerns presented
by animal models (reviewed in Maranga et al., 2021). Here, we aim
to provide a comprehensive overview of stem cell-focused research
on AS. We will delve into the advantages offered by these cellular
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models in terms of disease phenotyping, identification of druggable
targets, and their exceptional utility as a preclinical model for drug
screening.

Research milestones in Angelman
syndrome

AS was first described in 1965 by an English pediatrician, Harry
Angelman, in ‘Puppet’ children. A report on three cases (Figure 1). In
this report, Angelman described the symptoms of three patients,
which he considered similar enough to justify combining them in a
“specific group, as yet of unknown cause”. They shared common
symptoms such as depression in the occipital region of the skull,
brachycephaly associated with microcephaly, severe intellectual
disability, easily provoked and prolonged paroxysms of laughter,
ataxia like the one observed in cerebellar deficiency and unusually
protruding tongues, among other features (Angelman, 1965). Not
long after, more cases had been reported and the “Happy Puppet
syndrome” was renamed Angelman syndrome, honoring Harry
Angelman as the discoverer of this new human condition (Berg
and Pakula, 1972).

It was not until the late 1980s that the first genetic aberration was
linked to AS. Two studies reported megabase deletions (herein
named megadeletions or MDs) within the chr15q11-q13 region
present in individuals with AS (Kaplan et al., 1987; Magenis et al.,
1987). At the time, this was an intriguing discovery since MDs of the
same region were already associated with Prader-Willi syndrome
(PWS), a very different condition characterized by mild-to-
moderate intellectual impairment, constant feeling of hunger, and
obesity (OMIM#176270). The mystery was later solved by the
discovery that the parental origin of the chrl5qll-q13 MD
dictated the disease presentation: inheritance of the paternal
deletion results in PWS, while maternal deletion results in AS
(Knoll et al, 1989) (Figure 1). These findings suggested that
chr15ql1-ql3 was

regulated by genomic imprinting, an
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The (epi)genetics of Angelman syndrome. (A) Genomic map of the chrl5g11-gl3 region. Parental-of-origin specific DNA methylation (black circle)
occurs on the CpG-rich locus known as the Prader-Willi imprinting center (PWS-IC), only on the maternal allele. From the unmethylated paternal allele,
PWS-IC serves as a promotor for a large transcription unit (small nucleolar host gene 14, SNHG14) containing the transcripts of some genes (SNURF/
SNURPN, IPW) and a group of C/D small nucleolar RNAs (snoRNAs) with the SNORD116 host transcript, expressed only from the paternal allele (in
blue). In neurons, the loss of an insulator element at the /PW and PWARI locus results in the extension of SNHG14, which now contains SNORD115 (also
containing C/D snoRNAs) and UBE3A-ATS, an antisense transcript that silences the paternal UBE3A allele by transcriptional interference. Thus, UBE3A is
only expressed from the maternal allele (in yellow) in neurons. Biallelically expressed genes are represented in green. The two most common types of
large deletions that lead to Angelman syndrome (AS) are highlighted between breakpoints (BP) BP1-BP3 (class I) and BP2-BP3 (class I1). (B) Genomic map
of the (epi)genetic causes of Angelman syndrome. AS is caused by four main causes relating to the maternal chrl5, all leading to a loss-of-function of
UBE3A: megadeletions in the chr15g11-q13 region (AS MD); deleterious mutations in the UBE3A allele (AS Mut); imprinting defects (red spot) at the PWS-
IC locus causing an absence of DNA methylation (AS ID); and paternal uniparental disomy of chrl5 (AS UPD).

epigenetic phenomenon that regulates monoallelic expression of  discovery that inheritance of two paternal chromosomes 15
genes according to their parental origin. Therefore, PWS and AS  (patUPD15) also causes AS (Malcolm et al, 1991), while
were proposed to be the first examples of imprinting disorders (Hall, =~ maternal uniparental disomy was a frequent cause of PWS
1990; Williams et al,, 1990). This was further supported by the  (Butler, 1983). Once the importance of DNA methylation in

Frontiers in Cell and Developmental Biology 03 frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1274040

Camodes dos Santos et al.

regulating genomic imprinting was established (Li et al, 1993),
several reports soon found differential methylated regions (DMRs)
between the two parental alleles at the chr15ql1-ql3 region
(Dittrich et al., 1992; Driscoll et al., 1992; Clayton-Smith et al,,
1993). Unusual and contrasting DNA methylation patterns were
then reported in both PWS and AS patients with no obvious genetic
abnormality (Reis et al., 1994). This revealed that the abnormal
establishment of DNA methylation at DMRs was sufficient to cause
these imprinting diseases. The important genetic elements, also
known as imprinting centers (IC), were later mapped to a region
including “D15S63 (PW71) and SNRPN” thanks to microdeletions
found in AS and PWS individuals and further fine-tuned to two
regions now known as AS and PWS ICs (AS-IC and PWS-IC). PWS-
IC, also known as SNURF TSS-DMR, was then confirmed to hold a
DMR inheriting the methylation mark only from the maternal
germline (Buiting et al., 1995; Shemer et al., 2000).

While it was becoming evident that AS was an imprinting
disorder affecting the chrl5ql1-13 region, the causing gene(s)
were yet to be identified. In 1997, two back-to-back publications
undoubtedly pinpointed UBE3A as the gene implicated in AS
(Kishino et al., 1997; Matsuura et al, 1997) (Figure 1). Both
studies report distinct mutations in the UBE3A gene as the cause
of AS in non-MD/non-UPD/non-imprinting defect AS individuals.
Shortly after, UBE3A was confirmed to be an imprinted gene,
expressed only from the maternal allele (Figure 1). However, in
contrast to most genes known at the time, imprinting of UBE3A was
restricted to the brain (Albrecht et al., 1997; Rougeulle et al., 1997;
Vu and Hoffman, 1997). In 1998, Rougeulle et al. identified the
antisense non-coding transcript of human UBE3A, commonly
referred today as UBE3A-ATS, which was reciprocally imprinted,
being expressed only from the paternal allele in the brain (Rougeulle
et al., 1998) (Figure 1). This antisense RNA was later shown to
belong to a large polycistronic transcript originated from the
unmethylated paternally inherited PWS-IC region and encoding
several distinct transcripts including SNRPN/SNURF, IPW, PWARI
and tandemly repeated C/D snoRNA genes, besides the antisense
RNA to UBE3A (Runte et al., 2001) (Figure 2A). Since its discovery,
UBE3-ATS has been anticipated to be a putative regulator of paternal
UBE3A silencing (Chamberlain and Brannan, 2001). Formal proof
of that was first shown thanks to the addition of a transcription
termination cassette that halted UBE3A-ATS expression and
resulted in the unsilencing of UBE3A from the paternal allele
(Meng et al., 2012).

Advances in AS research would have only been possible with the
use of a variety of research models. Through the years, researchers
have privileged the use of mouse models with AS-like phenotypes.
The first AS mouse model was described by Cattanach et al. in
1997 and consisted of a paternal duplication of the murine
homologous region of the human chr15q11-q13 (Cattanach et al.,
1997). Although these mice exhibited AS traits, they needed complex
breeding schemes and were never extensively used for dissecting
pathophysiological mechanisms of disease. With the discovery that
loss of function of the maternal copy of UBE3A gene causes AS, Jiang
et al. created the Ube3a™ P+ KO mice, with a deletion on the
maternally inherited Ube3a allele, which presents ataxia, inducible
seizures, and sleep alterations, all features shown by AS individuals
(Jiang et al., 1998; Colas et al., 2005; Dindot et al., 2007). Other AS
mouse models have been generated with similar phenotypes (Miura
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et al., 2002; Jiang et al., 2010), but the original Ube3a™""P*** mice
from Jiang et al. (1998) has remained the preferential AS mouse
model used by researchers. Other important mouse models
comprise the Ube3aS"?*; Cre*®™ mouse allowing for temporal
of Ube3a
developmental time windows for therapeutic intervention (Silva-
Santos et al, 2015; Gu et al, 2018; Rotaru et al, 2023), the
conditional Ube3a floxed allele, Ube3a™* (Bruinsma et al., 2015;
Gu et al, 2018) used to investigate the cell/region-specific
contribution to the disease phenotype or the Ube3a™"*"™ knock-
in mice (Dindot et al., 2007) which provide a useful read-out for

control reinstatement to discern the critical

drug screening strategies aiming at unsilencing paternal Ube3a allele
as a therapeutic option to treat AS (Huang et al., 2012; Meng et al.,
2015). Recently, AS rat models with a complete KO of the maternal
Ube3a copy have been developed (Berg et al., 2020; Dodge et al.,
2020; Born et al, 2021). These larger rodents, while sharing

mat—/pat+

phenotypic similarities with Ube3a KO mice, displayed

distinctive behaviors and previously unseen changes in
neuroanatomy (Berg et al., 2020; Dodge et al., 2020; Born et al.,
2021), bringing an added value to AS research.

After the seminal studies from Thomson et al. (1998) on the
derivation of human embryonic stem cells (ESCs) and from
Yamanaka and others in the mid-2000s (Takahashi and
Yamanaka, 2006; Takahashi et al., 2007) on the generation of
induced pluripotent stem cells (iPSCs), PSC models emerged as
alternative humanized and personalized cellular systems for disease
modeling. The first AS iPSC models were soon generated
(Chamberlain et al., 2010), initiating a new era of research on AS
based on the use of stem cell-derived neurons and, later on, brain
organoid models to reveal new pathophysiologic mechanisms of the
disease, find new ubiquitination targets of UBE3A and validate
potential therapeutic approaches (Fink et al, 2017; Sun et al,
2019; Pandya et al., 2021; Dindot et al., 2023).

Disease management for AS relies on approaches that
ameliorate the most detrimental symptoms such as seizures or
sleep abnormalities. None of these therapeutic interventions
targets the cause of the disease, which is the loss of function of
the UBE3A gene. In recent years, many hopes have been put on
emerging strategies to reinstate UBE3A expression as a therapeutic
option. The favored strategy has not been the ectopic expression of
UBE3A (Daily et al,, 2011), amid fears of elevating the dosage of
UBE3A, a known cause of the autism and epilepsy-related Dup15q
syndrome (Lusk et al,, 2021), but rather the reactivation of the intact,
albeit silenced paternal copy of the UBE3A gene. Using primary

cortical neurons from Ube3a™"PY™"

mice, a study identified
inhibitors of topoisomerase I and II as molecules that reactivate
the paternal Ube3a-YFP allele (Huang et al, 2012). The most
promising compound was topotecan, a clinical-grade
topoisomerase I inhibitor, that was shown to reactivate paternal
Ube3a through the reduction of transcription of the polycistronic
transcription unit containing Ube3a-ATS. Although topotecan has a
generalized effect on long genes associated with autism (King et al.,
2013) that may halt its widespread use as a therapeutic agent to treat
AS, this seminal study showed that pharmacological perturbation of
UBE3A-ATS transcription is a feasible approach to reinstate UBE3A
expression in AS individuals. This idea was further explored by
Meng et al. (2015) who screened for antisense oligonucleotides

(ASOs) capable of specifically downregulating Ube3a-ATS. This
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downregulation was able to activate the paternal Ube3a allele (Meng
etal., 2015) resulting in phenotypic rescue of cognitive and behavior
deficits in the Ube3a™""P** KO mouse (Meng et al., 2015; Milazzo
et al,, 2021). This study was later translated to human cells with the
identification of primate-specific ASOs able to reactive paternal
UBE3A not only in iPSC-derived neurons in vitro but also in
vivo by lumbar puncture in cynomolgus macaques (Dindot et al.,
2023). These findings support the molecular basis for an ongoing
clinical trial (ClinicalTrials.gov, NCT04259281), soon followed by
another one also wusing oligonucleotide-based therapeutics
(NCT04428281). Other attempts to perturb UBE3A-ATS
transcript, by taking advantage of the CRISPR/Cas9 genetic
editing technology, are under development with promising results
achieved in the mouse model (Wolter et al., 2020; Schmid et al.,
2021; Li et al., 2023).

More than 50 years after the initial description of the ‘Puppet’
children by Dr. H. Angelman, a promising therapy targeting the
molecular cause of the disease has reached the clinical stage (Dindot
et al., 2023). However, many challenges in AS research and
treatment remain, justifying continuous efforts in investigating
further the multiple aspects of this disease for which stem cell
models are becoming increasingly important as research tools.

Clinical hallmarks of Angelman
syndrome

From the 1960s through the 1990s several studies further
characterized the symptoms of the disorder first reported by Dr.
Harry Angelman (Bower and Jeavons, 1967; Berg and Pakula, 1972;
Williams et al., 1982; Robb et al., 1989; Dickinson et al., 1990). This
ultimately led to a clinical consensus concerning the
symptomatology of AS individuals. The diverse symptoms
in AS have been divided

consistent, frequent, and

observed individuals into three

categories: associated  features.
Consistent features are those present in all AS patients and
include functionally severe developmental delay, a movement or
balance disorder (usually ataxia), a combination of frequent laughter
and smiling and hypermotoric behavior, and absent or impaired
speech. Frequent characteristics are present in >80% of AS patients,
and include microcephaly, early onset seizures, and a specific and
abnormal electroencephalogram pattern. The remaining shared
traits, affecting from 20% to 80% of patients, include the
occipital groove and protruding tongue observed by Harry
Angelman, as well as a wide variety of symptoms, among them
feeding problems, prognathia, an uplifted and flexed arm position
during ambulation, wide-based gait, abnormal sleep cycles and food-
related behaviors, and attraction/fascination with water (Williams
et al., 2006). Some of these symptoms become apparent as early as
6-9 months old, with most AS diagnoses happening between
9 months and 6 years of age (Mayo Clinic, 2022; NHS, 2023). AS
patients have a reasonably long lifespan, with some patients living past
70 years of age. Reduced lifespan of some patients is mostly associated
with epilepsy (severe convulsions) and lack of balance/coordination
(ambulatory accidents), combined with a hyperactive and exploratory
personality often seen in children with AS (Buiting et al., 2016).
AS shares similarities with other neurodevelopmental disorders
with mutations in other genes, which could cause difficulty in early
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diagnosis. These include Rett syndrome (MECP2, OMIM#312750),
early infantile epileptic encephalopathy (CDKL5, OMIM#300672),
FOXG1 syndrome (OMIM#613454), Christianson syndrome
(SLC9A6, OMIM#300243), or Pitt-Hopkins syndrome (TCF4,
OMIM#610954) (McKnight et al., 2022). Given the overlapping
manifestations, a definitive diagnosis relies on molecular testing,
which in the case of AS may need several independent tests
depending on the molecular cause of the disease.

Molecular causes of Angelman
syndrome

The chr15q11-ql3 region, where the UBE3A gene is located, is
regulated by genomic imprinting (Figure 2A). This epigenetic
mechanism of gene regulation selectively silences one of the two
parental alleles, resulting in a parental-of-origin monoallelic
expression of the imprinted genes (reviewed in da Rocha and
Gendrel, 2019). Imprinting regulation in the chr15q11-q13 region
is ensured by the PWS-IC, which is characterized by a dense CpG
sequence with maternal allele-specific DNA  methylation,
established in the germline (da Rocha and Gendrel, 2019).
Methylation of the PWS-IC in the maternal germline is
established by the transcription of upstream exons of the
SNURF/SNRPN bicistronic gene, driven by a promoter element
known as AS-IC, which induces transcription-associated CpG
methylation at the maternal PWS-IC (Horsthemke and Wagstaff,
2008). The unmethylated paternal PWS-IC serves as a promoter of a
large polycistronic transcription unit, also known as SNHG 14 (small
nucleolar RNA host gene 14), exclusively expressed from the
paternal allele. SNHG14 encodes the bicistronic SNURF/SNRPN
gene pair and several long and small RNAs. These include IPW,
PWARI long noncoding RNAs (IncRNAs), and tandem-repeated
C/D snoRNA genes clustered in two domains, known as SNORDI 16,
which is ubiquitously expressed, and SNORD115. At the 3’ end tip of
the SNHGI4 transcript unit sits the UBE3A-ATS IncRNA which
overlaps with the UBE3A gene (reviewed in Maranga et al., 2020)
(Figure 2A). In non-neuronal cells, UBE3A is biallelically expressed,
as UBE3A-ATS is absent. However, in neurons, loss of an insulator
element at the IPW and PWARI genes, composed of poly(A),
conserved sites, and CTCF (CCCTC-binding factor) binding
motifs, results in the extension of the SNHGI4 transcript (Vu
and Hoffman, 1997; Hsiao et al, 2019), that, in its full form,
includes SNORD115 and UBE3A-ATS, which silences the paternal
allele of UBE3A by transcription interference (Meng et al., 2012;
Meng et al, 2013). As such, UBE3A expression in neurons is
exclusively ensured by the maternal allele, which leads to AS
when absent, not expressed, or mutated.

Loss-of-function of maternal UBE3A may result from four main
(epi)genetic defects (Figure 2B), with varying degrees of disease
manifestation and severity (reviewed in Maranga et al., 2020; Yang
et al, 2021): megadeletions in the maternal chrl5ql1-ql3
region—AS MD (60%-70%); deleterious mutations in the
maternal UBE3A gene—AS Mut (10%); paternal uniparental
disomy of chromosome 15—AS UPD (10%); imprinting defects
on the maternal PWS-IC—AS ID (3%-5%). Some cases (<10%),
despite having AS-like clinical diagnosis, are not attributed to any of
the four known (epi)genetic causes and may arise from genetic
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abnormalities in other genes (Aguilera et al, 2021) or are
misdiagnosed by another neurodevelopmental disorder with
similar disease presentation (McKnight et al., 2022).

Significant heterogeneity in disease severity is observed across the
different (epi)genetic origins of AS (Keute et al., 2021). AS MD presents
the most severe manifestations, with stark development delays, as well
as more frequent and grave seizures, when compared to the other
causes (Gentile et al,, 2010). Hypopigmentation is also a characteristic
of individuals carrying MDs (Luk and Lo, 2016), likely associated with
the haploinsufficiency of the OCA2 and GABRB3 genes (Delahanty
et al,, 2016) (Figure 2A). The vast majority of AS MD cases (95%)
(Yang etal.,, 2021) falls under either class I (BP1-BP3, ~6 Mb/16 genes)
or class IT (BP2-BP3, ~5 Mb/12 genes) MDs (Figures 2A, B). In these
cases, the absent chromosomal region includes UBE3A and several
other imprinted and non-imprinted genes. While paternally imprinted
genes remain unaffected, non-imprinted genes have half of their
Besides UBE3A, I and 1
megadeletions cause the absence of the maternally inherited copies
of three GABA, receptor subunit genes (GABRB3, GABRAS5, and
GABRG3), which are genes implicated in neuronal development,

normal expression levels. class

synaptic function, and epilepsy (Tang et al, 2021). Another gene
absent in both megadeletions is HERC2. This gene encodes for a
protein that interacts with UBE3A and is also involved in
ubiquitination (Galligan et al,, 2015). Defects on this gene cause an
autosomal recessive AS-like syndrome named intellectual
developmental disorder, autosomal recessive 38 (OMIM#615516)
(Kithnle et al., 2011; Puffenberger et al., 2012; Cubillos-Rojas et al.,
2016). Class I deletions have an additional deleted region (BP1-BP2)
that encompasses four evolutionarily conserved genes (NIPA1, NIPA2,
CYFIP1, and TUBGCP5) involved in brain development and function
(Burnside et al,, 2011; Vanlerberghe et al., 2015). The difference in
deletion size suggests class I MD should result in the most severe
phenotypes, with some evidence in favor (Valente et al, 2013).
However, analyses show disagreement, with recent data suggesting
only minor phenotypic differences between individuals carrying class I
or IT MDs, as measured by scales of development, in terms of cognitive
ability, motor, social, and communication skills (Keute et al., 2021).
Further comparative studies may be needed for a definitive answer on
the potential differences between class I and II MDs.

Up to ten percent of AS cases are AS UPD that lack the maternal
copy of chrl15, having instead two paternal copies of this chromosome.
This results in the complete silencing of UBE3A, and results in
overexpression of paternally expressed imprinted genes, such as
SNURF/SNRPN, IPW, SNORDII15/116, and UBE3A-ATS
(Figure 2B). These patients have milder disease manifestations
compared to AS MD cases, with less prevalence and severity of
seizures, but still have severe development delay and more
pronounced sleep problems (Gentile et al., 2010; Yang et al., 2021).
Interestingly, AS UPD individuals tend to present hyperphagia and a
higher risk of obesity (Brennan et al., 2015).

In individuals with AS ID, the maternal copy of the chr15q11-q13
region suffers an epigenotype switch to become indistinguishable
from the paternal copy (Figure 2B). In other words, the PWS-IC of
both chromosomes lacks DNA methylation, thus resulting in
expression from the PWS-IC region and silencing of not only the
paternal but also the maternal copy of UBE3A. The ID arises from a
failure to establish the maternal imprint at PWS-IC during female
germline development, but the reasons for this failure are not always
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clear. In certain instances, imprinting defects on the PWS-IC arise
from mutations and microdeletions at the AS-IC or PWS-IC affecting
the ability to create the imprint in the maternal germline (Horsthemke
and Buiting, 2006; Beygo et al., 2020). At the molecular level, AS ID
and AS UPD share the same transcriptional profile at chr15q11-q13
(Figure 2B), with the most relevant difference being the fact that AS
UPD are homozygous for all loci on chr15 when this is not the case for
AS ID. At the clinical level, AS ID individuals share similar
phenotypes and disease progression with individuals with AS
UPD, often showing milder characteristic impairments (Gentile
et al, 2010; Yang et al, 2021). Additionally, similarly to AS UPD
individuals, AS ID individuals also tend to have hyperphagia and an
increased risk of obesity (Brennan et al., 2015).

There is a wide range of reported adverse mutations in the maternal
copy of the UBE3A gene that cause AS (AS Mut), most of which are
nonsense mutations that lead to frameshifts and premature stop codons
(Sadikovic et al., 2014). Besides mutations that result in the truncation of
the maternal UBE3A transcript, loss of function of UBE3A may also
result from missense mutations affecting active domains and protein
stability (Beasley et al,, 2020), intracellular localization (Bossuyt et al,,
2021), and even gain of function (Weston et al., 2021), although the
latter is often associated with Dup15q syndrome and not AS (Copping
etal,2017; Xing et al,, 2023). AS individuals carrying UBE3A mutations
often present the mildest phenotypes out of the four (epi)genetic causes,
with less pronounced development delay (Gentile et al,, 2010; Yang
et al, 2021), as seen by clinical scales of development in infancy (Keute
et al,, 2021). Epileptic episodes are an exception, as these tend to be
more severe for AS Mut than AS UPD or AS ID individuals (Luk and
Lo, 2016; Yang et al,, 2021).

Molecular diagnosis of AS is important not only to rule out other
clinically similar diseases but also to understand the (epi)genetic
cause underlying the clinical AS diagnosis, which could impact
disease management. Given the distinct (epi)genetic causes of AS,
more than one molecular diagnostic test is needed (Bird, 2014;
Maranga et al., 2020; Yang et al., 2021). If an individual has clinical
symptoms of AS, the first step is to evaluate the DNA methylation
status at the PWS-IC locus, usually by methylation-specific PCR or
methylation-specific multiplex ligation-dependent probe (MS-
MPLA), the latter of which also detects large deletions in
genomic DNA. If normal DNA methylation is detected, the
UBE3A gene is sequenced to screen for potential pathogenic
mutations (AS Mut), and if negative, AS-like syndromes should
be investigated. Instead, if DNA methylation is anomalous, the
second step is to determine whether or not the patient has a
large deletion of the chr15q11-13 region, by MPLA, fluorescence
in situ hybridization (FISH) for chr15q11-q13, or a comparative
genomic hybridization array (array CGH). If a maternal MD is
detected, the patient has AS MD. If instead, no megadeletion is
present, microsatellites or nucleotide polymorphism markers for
chr15 are used to assess if the patient has AS UPD (only paternal
markers) or AS ID (maternal and paternal markers).

Pathophysiological mechanisms of
Angelman syndrome

UBE3A, also known as E6-associated protein (E6AP), is a
100 kDa protein that tags proteins for proteasomal degradation
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contributing to the clinical manifestations of the disease. Abbreviations: Ub - ubiquitination; ROS—reactive oxygen species; mTOR—mechanistic target

of rapamycin pathway. Created with Biorender.com.

or for acquiring novel properties through target-specific
ubiquitination (Huibregtse et al., 1993; Avagliano Trezza et al,
2021) (Figure 3A). Ubiquitination is a type of post-translational
modification mediated by a three-step enzyme cascade, E1-E2-
E3 [reviewed in Damgaard (2021)], that adds the small peptide
ubiquitin (Ub) to a target protein. The first enzyme (E1) is
responsible for the activation of free ubiquitin, in an ATP-
dependent manner, and then transfer it to the E2 enzyme.
Finally, the E2-Ub complex mediates the transfer of Ub to the
E3 enzymes, which then covalently links it to specific target proteins,
mediated by the HECT (Homologous to the E6-AP Carboxyl
Terminus) domain of E3. As the final mediators of the cascade,
E3 ligases are the most specific of the three types of enzymes, having
individualized targets, and are abundant in the human genome

(Medvar et al,, 2016), with UBE3A being one example. Although
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first identified as a marker for proteasomal degradation,
ubiquitination is a cellular tool for the regulation of protein
activity and is involved in many cellular processes including cell
cycle control, apoptosis, signal transduction, intracellular traffic,
DNA repair, and more (Damgaard, 2021; Mathieu et al., 2021).
Given the pivotal role of UBE3A loss-of-function in AS, its
downstream targets may be relevant to uncover pathophysiological
mechanisms and potential therapeutic targets for the disease.
of these
suppressor p53 (Huibregtse et al., 1993), synaptic regulator ARC

Examples ubiquitination targets include tumor
(Greer et al., 2010), small-conductance potassium channel 2 (SK2)
(Sun and Zhu, 2015), voltage-dependent big potassium (BK) (Sun
et al,, 2019), and RPH3A (Avagliano Trezza et al., 2021). However,
some targets may not actually be direct targets of UBE3A. Such is the

example of synaptic regulator ARC, which was initially reported as a
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ubiquitination target of UBE3A (Greer et al., 2010), but more recent
data suggest it is not a UBE3A target (Pastuzyn and Shepherd, 2017).
As such, rigorous and controlled ubiquitination experiments should
be performed to confirm a potential candidate as a ubiquitination
target of UBE3A.

UBE3A has three known isoforms, with isoform 1 being the
most abundant, and all three can be localized in both the cytoplasm
and the nucleus in human ESCs and ESC-derived neurons (Sirois
et al., 2020). This contrasts with the situation in the mouse where
isoforms with clear nuclear and cytoplasmic localization have been
found (Avagliano Trezza et al., 2019). Interestingly, KO mice for the
nuclear isoform of Ube3a showed severe behavior impairments and
synaptic defects, while KO mice for the cytoplasmic isoform were
asymptomatic (Avagliano Trezza et al., 2019). As such, these results
suggest loss of nuclear activity of UBE3A may be critical in AS
(Sirois et al., 2020; Bossuyt et al., 2021), but its function remains
elusive.

Over the decades, many studies have identified disrupted
molecular pathways and mechanisms in the hippocampus, cortex,
striatum (Rotaru et al, 2023), and cerebellum of AS models
[reviewed (2020)] 3B). The
dysregulation of the mechanistic target of rapamycin (mTOR)

in Maranga et al (Figure
pathway in AS mice has been widely reported (Sun and Liu,
2015; Sun et al, 2016; Pastuzyn and Shepherd, 2017). The
mTOR  pathway, comprising the two complex families
mTORC1 and mTORC2, is implicated in a plethora of cellular
processes such as cell growth, lipid synthesis, mitochondria
biogenesis, and apoptosis. This pathway is important for
neuronal activity as it regulates autophagy, lysosome biogenesis,
and actin dynamics (Costa-Mattioli and Monteggia, 2013; Liu and
Sabatini, 2020). In the brain of AS mice, an imbalance of the mMTOR
pathway, expressed in the form of increased mTORCI activity and
decreased mTORC2 activity, leads to increased levels of the ARC
protein and impaired actin remodeling (Sun and Liu, 2015; Sun
et al,, 2016; Pastuzyn and Shepherd, 2017), potentially contributing
to the cognitive and behavioral impairments observed in AS.
Mitochondrial dysfunction and increased oxidative stress have
been described as hallmarks of AS animal models (Su et al., 2011;
Llewellyn et al., 2015; Santini et al., 2015; Berkowitz et al., 2017). In
fact, impairments in oxidative phosphorylation and increased levels
of reactive oxygen species (ROS) are associated with several
neurodevelopmental and neurodegenerative disorders, appearing
as a common theme in brain diseases (Keating, 2008; Norat
et al., 2020; Anitha et al., 2023). In AS models, increased levels of
ROS have been linked to compromised hippocampal synaptic
function (Su et al, 2011; Santini et al, 2015). They affect
neurodevelopment by causing mitochondrial malfunctioning in
neural precursor cells leading to excessive ROS and increased
(Simchi et al., 2023). how UBE3A is
influencing mitochondrial redox homeostasis is still unclear and

apoptosis However,
might prove insightful to better understand the pathophysiology of
AS and other neurodevelopmental diseases.

Epilepsy is another consistent feature of AS and it is
hypothesized to result from dysfunctional GABAergic circuitry
(Gu et al, 2018), likely suggesting a distinctive imbalance
between inhibitory and excitatory signals (Yashiro et al, 2009;
Wallace et al., 2012; Fink et al., 2017; Rotaru et al., 2018).
Deficits in inhibitory and excitatory neuronal circuits have been
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reported in the AS mouse brain (Egawa et al., 2012; Wallace et al.,
2012; Rotaru et al., 2018), suggested to be a consequence of impaired
synaptic plasticity and dendritic spine formation. Coupled with this,
long-term potentiation (LTP), an example of synaptic plasticity
associated with learning and memory, has been shown to be
impaired in AS mice (Kaphzan et al,, 2011; Sun and Liu, 2015).
In short, over the years, many studies have pointed out several
impaired cellular mechanisms and neuronal functions, including
synaptic plasticity, mitochondrial dysfunction, increased oxidative
stress, and excitatory/inhibitory imbalance, that overall contribute to
the pathophysiology of AS (Maranga et al., 2020) (Figure 3B).

Pluripotent stem cell models of
Angelman syndrome

Animal models of AS have been pivotal for the understanding of
disease mechanisms and as preclinical models to advance new
therapeutics [reviewed in Maranga et al. (2020)]. However, they
have several limitations when used to model human diseases (Kelley
and Pasca, 2022). First, they exhibit significant biological differences
with humans and may not reflect accurately the disease phenotypes
and/or differ in their responses to therapeutic agents. Second, mouse
models do not capture the genetic and phenotypic heterogeneity
seen in the human population. This is well illustrated in the case of
AS where different molecular causes give rise to symptoms of diverse
severity. The most commonly used AS animal models represent the
loss of function of Ube3a alone (Jiang et al., 1998; Miura et al., 2002;
Berg et al., 2020; Dodge et al., 2020). However, the majority of AS
individuals have MDs associated with the loss of UBE3A plus
haploinsufficiency of dozens of genes. This, in part, could also
explain the milder phenotypes observed in these animal models
when compared to AS individuals. Third, the use of animals for
experimentation raises ethical concerns due to the potential harm
inflicted on them. For these reasons, alternative research models that
can complement or replace the use of animals are very welcomed.
Human ESCs and iPSCs represent potent tools for bridging gaps in
existing animal-based disease models, yielding supplementary
insights  into  human biology by exploring human
neurodevelopment in vitro. Nevertheless, stem cell models also
ethical

embryonic provenance of hESCs and the potential for misuse of

raise considerations, notably stemming from the
human PSCs, and they do not supplant the indispensable role of
animal models in behavior assessment.

In the last decade, a great effort has been made to generate PSC
models of AS. Apart from the derivation of iPSCs from AS patients,
advances are being made in the genetic editing of UBE3A in iPSCs or
ESCs (Tables 1, 2). Stem cell models have also been engineered to
study the molecular mechanisms regulating imprinting at the PWS/
AS cluster (Hsiao et al., 2019). The first stem models of AS were
iPSCs derived from skin fibroblasts of male and female individuals
with AS MD (Chamberlain et al., 2010). In the past decade, many
other AS iPSC lines were derived from different somatic origins
(fibroblasts, peripheral blood mononuclear cells, or B lymphocytes)
and encompassing the four main molecular causes of the disease
(Table 1). Initially, these iPSCs were generated using retroviral/
lentiviral vectors that integrated the Yamanaka factors or analogs

into the genome (Chamberlain et al., 2010; Stanurova et al., 2016;
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TABLE 1 Angelman syndrome individual-derived induced pluripotent stem cell lines (iPSCs). The table features the reference article where each iPSC line was
generated, the biological sex of the individual with Angelman syndrome (AS) from which the line was derived, cell donor source used for reprogramming, details
on the molecular causes of AS and the method used for reprogramming. n.s. Means not specified; * information of the exact mutation could not be retrieved; **
information on whether the megadeletion (MD) was class | or Il or other could not be found; Abbreviations: MD - megadeletion; OSKM - short for the Yamanaka

cocktail composed of OCT4, SOX2, KLF4, and c-MYC); Mut - mutation; UPD - uniparental disomy; ID - imprinting defect.

References Biological Cell donor The molecular cause of AS Method of reprogramming
sex source
Chamberlain et al. Male and Fibroblasts Class II MD of the maternal chr15q11-q13 Retroviral vectors for OSKM and LIN28
(2010) Female
Stanurova et al. (2016) Female Fibroblasts UBE3A Mut: in-frame 3bp deletion Lentiviral excisable vector for OSKM
(p.G538del, ¢.1613-1615delGAG)
Fink et al. (2017) Male n.s. UBE3A frameshift mutation (2 bp Retroviral and lentiviral vectors for OSKM and LIN28
deletion)*
Takahashi et al. (2017) Male B lymphocytes Paternal UPD for chrl5 Episomal vectors for OSKM
Pélvora-Brandio et al. Female Fibroblasts Class II MD of the maternal chr15q11-q13 Lentiviral vector for OSKM
(2018)
Neureiter et al. (2018) Female Fibroblasts ID at the PWS-IC Episomal vectors for OSKM, LIN28, and a shRNA
against p53
Niki et al. (2019) Female PBMCs MD of chr15q11.2-q13** Episomal vectors for OSKM, LIN28, EBNAI and
P53 carboxy-terminal dominant-negative fragment
Maranga et al. (2022) Female Fibroblasts Class II MD of the maternal chr15q11-q13 Sendai virus for OSKM
Li et al. (2022) Female PBMCs UBE3A Mut: missense mutation Episomal vectors for pCE-hOCT3/4, pCE-hSK, pCE-hUL,
(p-Asp563GLy, c.1688 A > G) pCE-mP53DD and pCXB-EBNA1

TABLE 2 UBE3A Knock-Out (KO) stem cell models. The table displays the information on the reference article, cell line, gene editing approach, and genetic
modification for each UBE3A Knock-Out (KO) stem cell model. Abbreviations: iPSC - induced pluripotent stem cell; CRISPR/Cas9 - clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein 9; KO - Knock-Out; TSS - transcription start site; ESC - embryonic stem cell; ssODN - single-stranded
oligodeoxynucleotides; Iso1 - isoform 1; Iso2 - isoform 2; Iso3 -isoform 3. * The reference of the original non-AS iPSC could not be retrieved.

References Cell line

Gene editing approach

Genetic modification

Fink et al. (2017) iPSC* CRISPR/Cas9

UBE3A KO (1bp G) insertion at the TSS)

Sun et al. (2019) = H1 and H9 ESCs CRISPR/Cas9

UBE3A KO (5bp deletion on exon 6 causing a frameshift and early translational
termination)

Sirois et al. (2020) H9 ESC

CRISPR/Cas9 in the presence of ssODN

UBE3A Isol KO, Iso2 KO, and Iso3 KO (by disruption of each TSS)

Fink et al., 2017; Pélvora-Brandao et al., 2018). More recently, iPSC
models have been generated using non-integrative methods such as
Sendai viruses or episomal vectors (Takahashi et al., 2017; Neureiter
et al., 2018; Niki et al,, 2019; Li et al., 2022; Maranga et al., 2022).

Besides iPSC models, genetically edited stem cell lines targeting
the UBE3A gene have also been engineered (Table 2). A UBE3A KO
cell line was generated from a male iPSC line through the insertion
of 1 bp at the translational start site of the UBE3A protein isoform
1 in both maternal and paternal alleles (Fink et al., 2017). More
recently, two ESC lines, the male H1, and the female H9, were edited
at the UBE3A locus using a single guide RNA targeting exon 6 that
led to a 5 base pair deletion in exon 6 of this gene, causing a
frameshift and early translational termination in the best
characterized H9 clone (Sun et al., 2019). Furthermore, isogenic
H9 ESCs that specifically lack one of the three individual UBE3A
protein isoforms were generated through mutation of their
independent translational start sites using CRISPR/Cas9 and
single-stranded oligodeoxynucleotides (ssODN) templates to
discern the relative contribution of each isoform for the building
up of the AS phenotype (Sirois et al., 2020). These CRISPR/Cas9-
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engineered ESC models targeting UBE3A as a whole or its individual
isoforms are powerful models for studying the localization and
function of UBE3A (Sirois et al, 2020). However, they lack
UBE3A expression already in the stem cell state and do not
recapitulate the developmental path leading to neuronal-specific
loss of UBE3A expression due to imprinting, reproduced in iPSC
models derived from AS individuals (Chamberlain et al., 2010;
Stanurova et al, 2016). Therefore, this should be considered
when comparing the results acquired using non-edited iPSCs
versus UBE3A-edited iPSC/ESC models.

With the increased use of stem cell models, researchers have
noticed that reprogramming and long-term in vitro culture lead to
the accumulation of genetic and epigenetic defects (Bar et al., 2017;
Halliwell et al., 2020; Bansal et al., 2021). This includes imprinting
defects which occur mainly during the process of iPSC
reprogramming (Nazor et al., 2012; Ma et al, 2014; Bar et al,
2017; Arez et al., 2022). This is particularly concerning when using
stem cell models, especially iPSCs, to model imprinting disorders
such as AS. Fortunately, methylation profiles at PWS-IC or SNURF
TSS-DMR, are not prone to reprogramming-induced errors in
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contrast to other imprinted loci such as PEG3, IGF2-HI9, and
DLKI-DIO3 regions (Nazor et al, 2012; Ma et al, 2014; Bar
et al,, 2017; Klobucar et al., 2020). Indeed, all published AS iPSC
lines have been confirmed to preserve the original methylation
pattern at PWS-IC following iPSC reprogramming (Table 1) and
recapitulate neuron-specific imprinting of UBE3A upon neuronal
differentiation (Chamberlain et al., 2010; Stanurova et al., 2016).
Nonetheless, Pélvora-Brandao et al. (2018) have reported a loss of
maternal methylation at the PWS-IC in one out of five non-AS iPSC
clones, originating a cell line mimicking the imprinting defect
typical of AS ID iPSCs (Pélvora-Brandio et al., 2018). Validation
of the correct methylation pattern at the PWS-IC is therefore
mandatory to ensure that imprinting has not been lost in PSC
models of AS and their controls.

Although a reasonable number of stem cell lines covering the
major causes of the disease have been created to model AS, these
cellular models have their own limitations. First, their number can
be considered low, especially for AS UPD and ID cell lines, with only
one of each having been generated (Takahashi et al., 2017; Neureiter
et al., 2018). Second, by coincidence, there is a sex bias trend with
fewer male than female AS iPSC lines (Table 1). Third, most of these
lack appropriate controls such as CRISPR/Cas9 gene-corrected
clones or familiar controls. Gene-corrected isogenic controls are
ideal but in the context of AS are almost only applicable for UBE3A
Mut cases. AS MD and AS IC could, in theory, also be recreated
using non-AS iPSCs/ESCs through genetic or epigenetic editing
(Qian et al., 2023; Zhou et al,, 2023), respectively. This is not an
option for AS UPD cases, where the genetic error (inheritance of two
paternal chr15s) cannot be rescued with current editing techniques.
In this case, the best available option to act as a control iPSC would
be from non-affected parents or siblings. All in all, these points
highlight the importance of enlarging the current portfolio of stem
cell lines available for AS research, with an unbiased representation
of both biological sexes and with appropriate genetically matched
controls. These will guarantee the accuracy and reproducibility of
the results gathered using AS stem cell models.

Advances in Angelman syndrome
resuearch using human pluripotent stem
cells

Stem-cell-based research on AS is still in its infancy but has
already led to innovative studies that increased our knowledge about
this syndrome. To model AS, iPSCs/ESCs are usually submitted to
neuronal differentiation either as a simple monolayer culture or
more complex self-organized organ-like structures known as brain
organoids (Pasca et al., 2022). Organoids have been defined as “in
vitro-generated cellular systems that emerge by self-organization,
include multiple cell types, and exhibit some cytoarchitectural and
functional features reminiscent of an organ or organ region” (Pasca
etal,, 2022). Several protocols, relying mostly on intrinsic factors and
spontaneous differentiation (unguided) or with controlled addition
of external factors to direct the differentiation process (guided) can
be followed to generate whole or region-specific brain organoids.
Both 2D and 3D differentiation protocols resort to specific media
and supplements/specific pathways inhibitors, to promote the
development of neural progenitors and at later stages of
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differentiation, mature neurons and astrocytes aiming to recreate
in vitro the developmental path of brain regions [reviewed in Pasca
(2019)]. In particular, brain organoids have helped to overcome one
of the biggest challenges associated with investigating neurological
disorders, the difficulty of studying the human brain. While post-
mortem samples and medical imaging techniques were and still are a
source of information, they can only monitor disease progression
and cannot track pathological processes at the cellular level
(Eichmiiller and Knoblich, 2022). A great part of AS research has
also used mouse models to study the disease, although there are
limitations here as well. The mouse brain differs from the human in
key aspects such as size, architecture, and gyrification of the cortex.
Furthermore, the regulation of some conserved pathways is
different, leading to
connectivity ~ differences

morphological,  architectural, and
between species (Eichmiiller and
Knoblich, 2022). Brain organoids fill the gap between these
different models, allowing the study of neurodevelopmental
disorders from early stages, at cellular and molecular levels, using
human cells. In the case of AS, stem cell models have been used in
three main contexts: 1) to understand the process of imprinting
regulation at the chr15ql1-ql3; 2) as a disease model to find
molecular/functional signatures of the disease; 3) for preclinical
development of existing and novel therapeutic agents for future
treatment for AS (Figure 4).

Several studies have been conducted in stem cells to unveil when
and how UBE3A imprinting arises during in vitro differentiation. On
one hand, these cell models provide an accessible system to study
imprinting establishment. On the other hand, UBE3A imprinting is
a prerequisite to validate their applicability for studying AS. UBE3A
imprinting has been confirmed to occur during in vitro
differentiation of AS iPSCs in both 2D cultures and organoids
(Chamberlain et al, 2010; Stanurova et al, 2016; Sen et al,
2020). This has been perceived by the downregulation of UBE3A
RNA and protein levels with a concomitant upregulation of UBE3A-
ATS when the first neurons emerge in the culture. Formal proof of
loss of the paternal UBE3A allele was obtained by Stanurova et al.
(2016), who determined allelic ratios between the maternal and
paternal alleles thanks to genetic variation caused by a missense 3 bp
deletion in UBE3A gene in an AS Mut iPSC line. These studies
pointed to a correlation between UBE3A-ATS expression and
paternal UBE3A silencing and proved that iPSC-derived neuronal
differentiation recapitulates UBE3A imprinting and can be an
adequate model to study AS.

The group of S. Chamberlain has pioneered the use of engineered
stem cell models to study the molecular mechanisms regulating
imprinting at the chr15ql1-q13 region (Chamberlain et al., 2010;
Martins-Taylor et al., 2014; Hsiao et al., 2019). In one of their studies,
they investigated the reasons explaining why UBE3A imprinting is
restricted to neurons. Through a series of CRISPR/Cas9-induced
deletions and inversions in iPSCs, they identified a boundary
element around IPW and PWARI genes that is responsible for
terminating SNHGI4 transcription in non-neuronal cells. Ablation
of such a genomic element enables transcription to extend beyond this
boundary and leads to an earlier onset of paternal UBE3A silencing
during neuronal differentiation (Hsiao et al, 2019). This study
illustrates the capacity of genetic manipulation of stem cells to
gain mechanistic insights into the regulation of neuronal-specific
imprinting expression of UBE3A.
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FIGURE 4

Applications of human pluripotent stem cells (PSCs) in Angelman syndrome research. Neuronal differentiation of iPSCs in 2D neuronal cultures and
brain organoids has allowed the study of UBE3A imprinting in vitro, to discover neuronal phenotypes of the disease, and evaluate the potential of several
therapeutic strategies. Abbreviations: BK—big potassium channels; ASOs—antisense oligonucleotides. PSCs—pluripotent stem cells. Created with

Biorender.com.

Neuronal differentiation of both iPSC and ESC has provided
important insights into the spatiotemporal expression pattern of
UBE3A (Sen et al., 2020), as well as on differences in location and
neuronal function of several human UBE3A isoforms (Sirois et al.,
2020). In H9 ESC-derived whole-brain organoids, nuclear UBE3A
increases with the progress of differentiation, with a decreasing ratio
of cytoplasmic to nuclear UBE3A. The protein appeared to be
predominantly nuclear in neurons after only 3 weeks in culture,
with this location increasing over time (Sen et al., 2020), matching
previous results in mice (Judson et al, 2014). In another study,
monitoring isogenic mutated ESC lines throughout neuronal
further that UBE3A
1 predominates in both undifferentiated cells and neurons (Sirois

differentiation revealed isoform
et al,, 2020). Loss of isoform 1 led to a significant reduction in total
and cytoplasmic UBE3A levels (but not nuclear), while loss of
isoforms 2 and 3 did not induce significant alterations in UBE3A
levels. By Western blot, UBE3A was found to localize predominantly
in the cytoplasm, in both ESC and neurons in this study. However,
by immunofluorescence, the strongest UBE3A signal in neurons
appears to be in the nucleus, although there was also a signal
detected in neurites and the soma, outside the nucleus (Sirois
et al,, 2020). Future experiments are needed to gain insights into
these apparently contradictory findings.

Elegant experiments using stem cell models of AS uncovered
novel molecular/functional signatures of the disease. In contrast to
the absence of significant morphological and functional changes at
early differentiation stages, both in 2D (Fink et al,, 2017) and 3D
models (Sun et al., 2019), important alterations were observed at
later time points, coinciding with the appearance of functionally
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mature neurons in culture (Fink et al., 2017; Sun et al., 2019). The
first study that extensively characterized AS phenotype in long-term
neuronal cultures (over 20 weeks) was developed by Fink et al.
(2017), using AS iPSC-derived forebrain neurons. The authors used
three AS-iPSC lines (two AS MD and one AS Mut), and an
engineered UBE3A KO iPSC line. AS and control cultures
presented similar cell composition throughout differentiation,
with no significant differences between the proportion of
glutamatergic and GABAergic neurons, astrocytes, or between
upper and deep cortical layer markers. Nonetheless, alterations in
neuronal excitability, functionality, and synaptic plasticity were
detected, in line with previous research in mice models
(Mardirossian et al., 2009; Kaphzan et al., 2011; Campbell et al,,
2022; O’Geen et al., 2023). These effects included more depolarized
resting membrane potentials (RMPs), a lower proportion of cells
firing action potential (AP) spike trains, more immature APs, and
fewer calcium transients. These effects were also proven to be
UBE3A-dependent, as they were observed in UBE3A KO lines or
when control iPSCs were treated with UBE3A-targeting ASOs to
knockdown UBE3A expression (Fink et al., 2017). More precisely,
isoform 1 is thought to be the most related to the observed neuronal
phenotypes, as a KO line showed similar RMP depolarization (Sirois
et al., 2020). Overall, these results point to a reduced developmental
maturation, as well as dysregulated network activity and excitability
features in AS, and prove the usefulness of AS stem cell models to
find functional phenotypes and readouts of the disease.

Sun et al. (2019) developed the first study where two pairs of
UBE3A KO hESCs and an AS MD iPSC line were differentiated not
only in 2D but also in 3D, into cortical organoids. They uncovered a
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channelopathy mediated by an increase in BK channel density
leading to increased neuronal excitability. This increase was due
to the lack of UBE3A-mediated ubiquitination and proteasomal
degradation of BK channels, as confirmed by in vitro and in vivo
ubiquitination assays. Therefore, BK channels are a substrate of
UBE3A and a putative therapeutic target of AS. All in all, this study
has contributed to a better understanding of the mechanisms
underlying network hyperactivity and epilepsy susceptibility in
AS patients (Sun et al,, 2019).

In another study, Pandya et al. (2021) took advantage of AS
iPSC-derived neurons to perform a proteomic study and identify
proteins whose abundance was responsive to changes in UBE3A
levels. After an initial comparison between AS and control iPSC-
derived neurons, the authors modulated the expression of UBE3A
using ASOs against UBE3A (to reduce expression) or against UBE3-
ATS (to increase expression) and repeated their proteomic
workflow. A range from 70 to 225 proteins were identified with
the main outcome being the discovery of the secreted retrovirus-like
GAG-domain-containing protein PEG10 and associated proteins as
being upregulated in AS neurons (Pandya et al., 2021). This was also
confirmed in post-mortem brain samples of AS individuals.
Curiously, this was not observed in mice, which could suggest a
relevant mechanistic difference between AS humans and AS mouse
models. Although PEG10 was found not to be a ubiquitin target of
UBE3A, it was still targeted to the proteasome in a UBE3A-
dependent manner. Interestingly, PEG10 downregulation in AS
iPSC-derived neurons results in a transcriptomic response similar
to what happens upon UBE3A reinstatement, suggesting that
PEG10 could contribute to the pathophysiology of AS (Pandya et
al., 2021). Interestingly, PEG10, also encoded by a paternally
imprinted gene, is recruited to stress granules where it interacts
with several RNAs and is secreted in extracellular vesicles. How this
could be related to its putative role in AS pathogenesis still needs to
be further explored. As a secreted protein, PEG10 is also a promising
biomarker to consider for AS therapeutics currently advancing in
clinical trials.

Stem cell models of AS are also becoming key for the testing
and development of potential new therapeutic strategies. They
have been used for either 1) testing inhibitors of UBE3A targets
or 2) using molecules targeting the molecular cause of the disease.
To exemplify the first case, Sun et al. (2019) tested paxilline, a BK
blocker, after they discovered that these channels were increased
in AS iPSC-derived neurons. They showed that paxilline was able
to revert altered excitability and abnormal AP firing in both AS
2D neuronal cultures and cortical organoids. This finding was
further supported by the amelioration of seizure threshold and
susceptibility when administered in a mouse model of AS (Sun
et al,, 2019). These results position BK channels as promising
therapeutic targets for the treatment of seizures in AS individuals
(Sun et al,, 2019). Another interesting study explored the idea
that UBE3A mRNA might function as a sponge for the microRNA
miR-134 (Campbell et al., 2022). An antimiR oligonucleotide
inhibitor of miR-134 was shown to upregulate its targets in
neurons differentiated from AS MD iPSCs and ameliorate AS
phenotypes in UBE3A™*/P** mice upon intracerebroventricular
injection. These findings give the prospect that microRNA
modulation could be beneficial in treating some clinically
relevant symptoms affecting AS individuals.
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The most widely investigated therapeutic option is the
reinstatement of UBE3A through unsilencing of the paternal
copy of the gene. This is achieved by disrupting the UBE3A-ATS
RNA and can be achieved in multiple ways (Huang et al., 2012;
Meng et al., 2015; Wolter et al.,, 2020; Schmid et al., 2021; Dindot
et al,, 2023; Li et al., 2023; O’Geen et al., 2023). One such way uses
topoisomerase inhibitors, such as topotecan or indotecan (Huang
et al,, 2012; Lee et al., 2018). Administration of 1 M topotecan to
in vitro iPSC-derived neuronal cultures led to a ~50% increase in
UBE3A mRNA expression and rescued abnormal AP firing, RMP
depolarization, and synaptic frequency (Fink et al, 2017).
Administration of 1 uM topotecan or indotecan to AS cerebral
organoids had similar effects, resulting in a knockdown of
UBE3A-ATS and increased UBE3A in neurons, with a single dose
of indotecan being able to persistently rescue UBE3A for 10-to-
17 days after exposure. As a result, calcium transient phenotypes in
AS organoids were also reverted (Sen et al., 2020). The problem with
topoisomerase inhibitors is that they disrupt the full transcriptional
unit that contains SNURF/SNRPN and snoRNA genes which are
involved in PWS, besides causing the downregulation of several long
RNA transcripts (Huang et al., 2012; King et al., 2013; Tan and Bird,
2016; Lee et al., 2018). A preferential strategy will hit specifically the
UBE3A-ATS gene only.

Targeting the UBE3A-ATS specifically using modified ASOs was
found to successfully unsilence paternal UBE3A without disrupting
the expression of the other transcripts implicated in PWS and rescue
several disease phenotypes in the AS mouse model (Meng et al.,
2015).  This the
unprecedented ability of this approach to target the molecular

proof-of-principle  experiment  showed
cause of AS. However, the efficient ASOs found in mice hold no
homology in the human genome, therefore, human sequence-
specific ASOs needed to be tested in human cells. The optimal
cellular system for this purpose would be human ESC/iPSC-derived
neurons. An additional advantage is that iPSCs can be derived from
individuals with different molecular causes of the disease, enabling
the monitoring of ASO efficacy in distinct (epi)genetic backgrounds
of the disease. An earlier publication showed that human-specific
ASOs were able to downregulate UBE3A-ATS and activate UBE3A in
iPSC-derived neurons (Pandya et al., 2021). More recently, Dindot
etal. (2023) have perfected ASO chemistry to target an evolutionary
conserved region at the start of UBE3A-ATS to efficiently repress
UBE3-ATS transcription and reactivate paternal UBE3A. After this
screening study in iPSC-derived neurons, the best ASO candidates
were administered by lumbar intrathecal injections in cynomolgus
monkeys, and promising results were obtained with minor adverse
effects (Dindot et al., 2023). These findings drove the first molecular
therapy for AS to go into clinical development in phase I/II
(ClinicalTrials.gov, NCT04259281). A similar trial from Roche
using the same technology also reached phase I clinical trials
(ClinicalTrials.gov, NCT04428281). This is illustrative of the
power of stem cell-based research to study diseases such as AS.

Conclusion remarks and future
perspectives

In this article, we provide a comprehensive overview of stem
cell-based research in AS and contextualize it within the
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historical advancements made over the past ~50/60 years in
understanding this disease. Although the use of human stem
cell models of AS is relatively recent, it already provided
significant  scientific ~ progress  in novel
pathophysiological aspects of the disorder, as well as in
identifying new proteins affected by UBE3A that could be

targets for future therapeutic interventions. Additionally, stem

uncovering

cell models are serving as valuable preclinical tools for evaluating
human sequence-specific genetic therapies such as ASOs or
CRISPR-based gene editing. In the forthcoming years, the AS
stem cell model portfolio will likely expand, hopefully
encompassing the full spectrum of (epi)genetic variability
observed in this condition. Current concerns in the epigenetic
and genetic fidelity of human stem cells are being tackled (Pham
etal., 2022) and hopefully will be solved in the near future. Also,
there are grand expectations for further development of stem cell-
based disease modeling with the potential to revolutionize
biomedical research, drug development, and, ultimately,
patient care. More complex multi-organ models such as
assembloids or organ-on-chip systems will provide a more
comprehensive understanding of disease pathogenesis, and
also a better prediction of drug responses in the human body
(Zhang et al., 2018; Miura et al., 2022; Tenreiro et al., 2023).
Improvement of long-term organoid culture by optimizing
dynamic culture methods and incorporating supportive cell
types and biomaterials would also aid in the study of disease
pathology providing a deeper insight into the mechanisms
underlying disease development (Giandomenico et al., 2021).
Advances are also being made in the automation and
miniaturization of stem cell-based assays to improve high-
throughput screening and accelerate drug discovery processes
(Brandenberg et al., 2020). The constant refinement in gene
editing technologies (Anzalone et al., 2020) as well as the
production of single-cell and spatial transcriptomics data
(Vandereyken et al., 2023) would also produce novel cellular
models and datasets that would accelerate our collective
understanding of human diseases, such as AS. In conclusion,
stem cell-based models hold immense promise to revolutionize
the lives of AS patients by paving the way toward transformative
treatment addressing the root causes of the disease, and offering
hope for improved cognitive, motor, and behavioral outcomes.
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