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Abstract

Prader-Willi syndrome is a complex neurodevelopmental disorder caused by genetic
abnormalities in the paternally inherited 15q11-q13 chromosomal region. Its hallmark
symptom is hyperphagia, which, if not carefully managed, often leads to severe obesity.
Additional symptoms include muscle hypotonia, delayed development, emotional regulation
difficulties, hypogonadism, and hormonal imbalances, such as growth hormone deficiency.
Currently, there is no curative treatment, and existing therapies primarily focus on symptom
management, including growth hormone administration to improve body composition and
growth. Emerging therapies, such as oxytocin supplementation and medications targeting
uncontrolled appetite, show promise as complementary approaches. Recent scientific
advancements open the possibility of treatments targeting the genetic root of the disorder. This
bachelor’s thesis provides a comprehensive review and evaluation of innovative therapeutic
strategies, including epigenetic reprogramming of specific genomic regions using
methyltransferase inhibitors, CRISPR/dCas9, and zinc-finger motifs, which offer the potential
to reactivate the silenced maternal allele. Additionally, it explores the feasibility of gene
augmentation therapy. Despite these promising developments, significant challenges remain,

such as effective gene therapy targeting, safety concerns, and ethical considerations.

Aims

1) Describe new technologies for possible gene replacement strategies in PWS
2) Describe precise epigenetic reprogramming technologies for PWS

3) Evaluate the role of non-coding RNAs in disease manifestations and possible therapeutic

targets

4) Investigate hormonal intervention as a possible mitigation of phenotype
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Abstrakt

Prader-Willi syndrom je komplikované neurodevelopmentdlni onemocnéni zptsobené
genetickymi abnormalitami v oblasti chromozomu 15q11-q13 zdédéného od otce. Mezi
charakteristické projevy patii hyperfagie, kterd pii nedostatecné kontrole Casto vede k te¢zké
obezité¢. K dalSim symptomm patii svalova hypotonie, opozdény vyvoj, hypogonadismus,
poruchy zvladani emoci a hormondalni nerovnovaha, naptiklad deficit rtistového hormonu. V
soucasnosti neexistuje zadna kauzalni 1écba a terapie se zaméfuje piedevSim na zmirnéni
symptomtl, napiiklad poddvanim ristového hormonu ke zlepSeni télesné kompozice a ristu.
Jako dopln¢k by k ni mohla slouzit nové se vyvijejici 1é¢ba oxytocinem nebo 1éky zmirnujicimi
chut k jidlu. Nejnovéjsi védecké poznatky vSak oteviraji moznosti 1é€by zaméfené na
samotnou genetickou podstatu onemocnéni. Tato bakaldiska prace se vénuje podrobnému
prehledu a zhodnoceni inovativnich terapeutickych strategii jako jsou metody epigenetického
preprogramovani konkrétnich tsekt v genomu pomoci technologii zalozenych na inhibitorech
metyltransferdz, CRISPR/dCas9 a zinc-finger motivech, které nabizeji moZnost reaktivace
umlcené mateiské alely. Dale se vénuje posouzeni moznosti navraceni funkénich kopii geni
zpét do organismu. Navzdory t€émto pokrokiim pfetrvavaji zadsadni vyzvy, jako je efektivni

zacileni genové terapie, bezpec¢nostni rizika a etické otazky.

Cile
1) Popsat nové technologie pouzitelné pro nadhradu inaktivovanych genii podilejicich se na
PWS.
2) Popsat metody epigenetického pireprogramovani konkrétniho tiseku genomu PWS pacientti.

3) Zhodnotit roli nekddujicich RNA v projevech onemocnéni a posoudit vhodné terapeutické

cile.

4) Prozkoumat vyuziti hormondlni 1é€by pro mozné zmirnéni fenotypu.

Klic¢ova slova

Prader-Williho syndrom, vzacna onemocnéni, Snord116, AAV, genova terapie
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ATF
ATP10C
ATS
CpG
CRISPR
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artificial transcription factor

ATPase phospholipid transporting 10C
antisense

5'-cytosine-phosphate-guanine-3'

clustered regularly interspaced short palindromic repeats
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CRISPR interference

CRISPR RNA

deactivated CRISPR-associated protein 9
diazoxide choline controlled-release tablets
differentially methylated region
deoxyribonucleic acid

U.S. Food and Drug Administration
gamma-aminobutyric acid

growth hormone

glucagon-like peptide-1 receptor agonist



gRNA guide ribonucleic acid

H3K4 histone 3 lysine 4

H3K9 histone 3 lysine 9

H3K9me2 dimethylation of lysine 9 on histone 3
HIV human immunodeficiency viruses
IC imprinting centre

IGF insulin-like growth factor

iPSC induced pluripotent stem cells
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SNURF
SRO
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small nucleolar host gene 14
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1 INTRODUCTION

Genomic imprinting is a characteristic attribute of mammals and flowering plants. While most
genes are expressed from both paternal and maternal chromosomes, a smaller subset
(approximately 1 % in mammals) is expressed from only one allele. This phenomenon occurs
in two primary forms: paternal imprinting, where the maternal copy of a gene is transcriptional
active while the expression from the paternal copy is repressed, and maternal imprinting,
where, in contrast, gene expression relies solely on the paternal copy. Genomic imprinting is
associated with several genetic pathological conditions. (McGrath & Solter, 1984; Moore &
Haid, 1991; Tucci et al., 2019)

One example is Prader-Willi syndrome (PWS), a rare neurodevelopmental disorder resulting
from the loss of expression of paternally inherited genes in the 15q11-q13 chromosomal region
(Butler & Palmer, 1983). Since the maternal copy of these genes is silenced, it cannot
compensate for this loss. This critical region contains five protein-coding genes and a group of
small nucleolar RNA (snoRNA) genes (reviewed by Cassidy et al., 2012). PWS is considered
to be the most common genetic cause of human-related obesity, with around 400,000

individuals suffering worldwide (Butler & Thompson, 2000).

In PWS cases, the underlying genetic cause varies. Most (50—70 %) of the cases are due to
a de novo deletion (5-6 Mbp) in the PSW locus, approximately 30—40 % result from maternal
disomy, where both copies of chromosome 15 are inherited from the mother instead of one
from each parent, the remaining cases arise from various imprinting defects, which disrupt
regular gene expression in this region (Bohonowych et al., 2019; Lionti et al., 2015). These
genetic disruptions all lead to the characteristic features of PWS: infantile hypotonia (low
muscle tone), which leads to poor sucking ability in newborns, resulting in failure to thrive,
mental deficiency, hypogonadism/hypogenitalism, hyperphagia resulting in obesity, short

stature, and many hormone deficiencies (reviewed by Cassidy et al., 2012).

There is no adequate remedy for PWS nowadays. The only options are growth hormone (GH)
replacement therapy, food intake control and regular physical activity (National Institutes of
Health, 2021). Individuals treated with GH show significant improvement in growth and body
proportions (Eiholzer & I’ Allemand, 2000), body composition and developmental motor skills
(Carrel et al., 2004).



Interestingly, a similar genetic disruption in the same region leads to Angelman syndrome
(AS). Unlike PWS, which arises from the loss of paternal gene expression, AS is caused by the
loss or dysfunction of the maternally inherited UBE3A gene within this region. (Kishino et al.,
1997)

Innovations in gene therapy, including adeno-associated virus (AAV) and lentiviral delivery
systems, CRISPR/dCas9-based epigenetic modulators, transcription activators, and
methyltransferase inhibitors, present promising opportunities for addressing the fundamental
genetic defects in PWS. These approaches can potentially improve the quality of life for
affected individuals by targeting the root causes of the disorder rather than only mitigating
symptoms. This bachelor’s thesis aims to explore and summarise novel therapeutic strategies

for managing PWS.

2 PWS/AS LOCUS

[ Imprinted domain

Sahoo et al., 2008
de Smith et al., 2009

Burger et al., 2002
Hamabe et al., 1991

class |
deletion

class Il
deletion

Figure 1: A schematic overview of human chromosomal region 15q11q13. Genes expressed from the
maternal chromosome only are drawn as red boxes, genes expressed from the paternal chromosome
only are drawn as blue boxes, snoRNAs are drawn as vertical lines, and genes expressed from both
parental alleles are drawn as black boxes. The orientation of transcription is indicated by horizontal
arrows. IC (imprinting centre), BP (breakpoint) (adapted from Buiting (2010); modified).

The maternally imprinted PWS region contains MKRN3, MAGEL2, NDN, NPAP1 (C150rf2),
imprinting centre (IC), SNURF-SNRPN, and SNHG14. (Boccaccio et al., 1999; Farber et al.,
2000; Jay et al., 1997; Jong et al., 1999; Leff et al., 1992). Downstream of this region lie the
two paternally imprinted genes, UBE3A and ATP10C (Kishino et al., 1997; Meguro et al.,
2001). One of the major causes of PWS, deletions in the 15q11-q13 region, arises due to
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recombination events between homologous repetitive sequences at the ends of the locus.
(Amos-Landgraf et al., 1999). The most common PWS-associated deletions extend from
breakpoint 1 (BP1) to breakpoint 3 (BP3) (class I deletion) or from BP2 to BP3 (class Il
deletion) (Christian et al., 1998) (see Figure 1). Extended deletion variants occur less
frequently, involving breakpoints downstream of BP3 (Butler et al., 2008; Sahoo et al., 2007).
Although maternally imprinted genes are widely considered the primary contributors to the
core clinical manifestations of PWS, the loss of specific non-imprinted genes within the deleted
region may also modulate the phenotype (reviewed by Buiting, 2010). Disruptions in the IC
can lead to either PWS or AS (Johnstone et al., 2006).

If we disregard deletions in the IC, defining the minimal deletion resulting in the PWS
phenotype is more complex than it may initially seem. Generally, the key region responsible
for PWS is considered to be SNORD116 (De Smith et al., 2009; Sahoo et al., 2008). However,
some recorded cases exhibit deletions that do not include SNORD116, which still result in
PWS-like features. Such deletions may disrupt long non-coding RNAs (IncRNAs) and
influence the efficiency of splicing for critical small nucleolar RNAs (snoRNAs) (Lei et al.,
2019). Various atypical deletions have been described by (Grootjen, Juriaans, et al., 2022),
further highlighting the complexity of the molecular mechanisms underlying PWS.

2.1 Imprinting centre

Genomic imprinting is regulated through epigenetic marks on DNA (5mC within a CpG
dinucleotide) and histones. Imprinted genes are typically organised in clusters, each controlled
by a single IC in cis that carries parent-specific methylation. This methylation pattern is
established during gametogenesis and maintained throughout an individual’s lifetime.

(reviewed by Li & Sasaki, 2011)

Imprint establishment, in general, is carried out by the DNA methyltransferases DNMT3A and
DNMT3B, which require the stimulatory factor DNMT3L for proper functionality (Gowher et
al., 2005; Okano et al., 1999). During the cell cycle, it is essential to restore epigenetic marks,
as half of them are lost with each round of DNA replication. This process is mediated by DNA
methyltransferase DNMT 1 and transcriptional repressor ZFP57 that contains a KRAB domain,
which binds to KAPI, serving as a scaffold protein for heterochromatin protein HP1, histone
methyltransferases, and deacetylases (Bestor et al., 1988; Kurihara et al., 2008; Li et al., 2008;
Sripathy et al., 2006).


https://chatgpt.com/?q=imprinted%20genes

The PWS imprinting centre (PWS-IC) overlaps the SNURF-SNRPN gene. This region contains
two differentially methylated regions (DMRs), separated by a biallelically methylated segment.
The first DMR is located at the 5’ end of the SNURF-SNRPN gene and is methylated
exclusively on the maternal allele. The second DMR is positioned at the 3’ end and is

methylated solely on the active paternal allele. (Shemer et al., 1997)

a Paternal allele Activation
of the domain

AS-SRO PWS-SRO

b Maternal allele Methylation

.-xs-sm) PWS-SRO

Activation
Maternal allele of the domain

(AS-SRO deletion) aﬁ P

C

AS-SRO
PWS-SRO

Figure 2: Model of the imprinting mechanism at the PWS/AS regional control centre. (a) On the
paternal allele is AS-SRO in an inactive conformation and does not interact with PWS-SRO. The
function of the active paternal PWS-SRO is to activate genes in the PWS/AS domain. (b) The maternal
AS-SRO is differentially packaged with acetylated histones. The function of this active AS-SRO is to
methylate the adjacent PWS-SRO and put it in an inactive chromatin structure. (c) This epigenetic state
fails to form on the PWS-SRO if the AS-SRO is deleted or positioned too far from the PWS-
SRO.(adapted from Perk et al. (2002); modified)

Horsthemke & Buiting (2008) analysed various imprinting centre (IC) deletion case reports
and identified two distinct regions where deletions lead to either PWS or AS. These regions
are known as the shortest region of deletion overlap (SRO). The PWS-SRO, measuring 4.1 kb,
is located at the same site as the first DMR, whereas the AS-SRO, 880 bp long, lies 35 kb
upstream. Nevertheless, the majority of IC defects result from epimutations rather than known

DNA sequence changes (Buiting et al., 2003).



The AS-SRO plays a crucial role in regulating the methylation of PWS-SRO, ultimately
leading to the repression of PWS genes expression (see Figure 2). On the maternal allele, AS-
SRO adopts active conformation and interacts with PWS-SRO, triggering its methylation. This
methylation silences PWS genes. In contrast, on the paternal allele, AS-SRO remains in an
inactive conformation, preventing interaction with PWS-SRO. As a result, PWS-SRO remains

unmethylated, allowing transcriptional activation of the entire locus. (Perk et al., 2002)

2.2 Functional roles of PWS genes

The maternally imprinted region encodes several proteins with diverse functions. MKRN3
(makorin ring finger protein 3) is believed to function as a probable E3 ubiquitin ligase and
serves as a major regulatory element in puberty onset; mutations in this gene lead to central
precocious puberty (Kansédkoski et al., 2015; Macedo et al., 2018). The NPAP1 (nuclear pore-
associated protein 1) is expressed exclusively from the paternal chromosome in the brain
during the foetal period. As development progresses, its expression becomes biallelic. It is
thought to be a component of the nuclear pore complex. (Buiting et al., 2007; Neumann et al.,

2012).

2.2.1 MAGE family genes

The MAGEL2 (melanoma antigen L2) gene is responsible for Schaaf-Yang syndrome, a
disorder with clinical features similar to PWS. Various loss-of-function mutations in MAGEL?2
have also been associated with autism spectrum disorder and a broad spectrum of clinical
manifestations, including neonatal hypotonia, developmental delay, intellectual disability,
excessive weight gain, eye abnormalities, and other PWS-like phenotypes. Additionally,
MAGEL?2 is implicated in the proper functionality of the hypothalamus, particularly in the
regulation of neuropeptide secretion, such as oxytocin and GH, which are commonly
dysregulated in PWS patients. MAGE proteins function as regulators of E3 RING ubiquitin
ligases, enzymes responsible for attaching ubiquitin molecules to proteins or DNA. This
ubiquitin tagging can influence various cellular processes, including proteasomal degradation,
protein trafficking, endocytosis, cellular signalling, DNA repair, and histone modifications.
Specifically, MAGEL?2 is implicated in regulating retrograde vesicular trafficking, a process
essential for intracellular transport and signalling. (Hao et al., 2013; McCarthy et al., 2018;
Meziane et al., 2015; Schaaf et al., 2013; ubiquitinoylation reviewed by Yau & Rape, 2016)



The NDN (necdin) gene, which shares structural similarity with MAGEL?2, interacts with the
tumour suppressor gene pS3 in postmitotic neurons, where it is involved in neuronal
differentiation and survival. High expression levels of NDN were observed in the
hypothalamus. Disruptions in NDN and MAGEL2 contribute to impaired mental development,
growth, and sensitivity to hormonal signals. Notably, defective leptin signalling, a hormone
responsible for sensing satiety, has been recorded. This impairment is likely mediated through

a ubiquitin-dependent mechanism. (Chen et al., 2020; Taniura et al., 1999; Uetsuki et al., 1996).

2.2.2 SNURF-SNRPN

The SNRPN (small nuclear ribonucleoprotein polypeptide N) is a part of a ribonucleoprotein
particle (RNP) and is involved primarily in neuron-specific pre-mRNA splicing and
hypothalamus development (McAllister et al., 1989; Ozcelik et al., 1992). The exact function
of the SNURF (SNRPN upstream reading frame) gene remains unclear.

Deletions in bicistronic SNURF-SNRPN lead to PWS-like phenotype, neonatal hypotonia,
intellectual disability, and obesity. The question is whether the loss of this gene’s expression is
indeed the cause or if it results from disruptions in the nearby imprinting centre (IC) and

downstream snoRNAs. (Cao et al., 2017; Kuslich et al., 1999)

2.2.3 SNHGI14

The SNHG14 (small nucleolar host gene 14) is a long non-coding RNA (IncRNA) with
multiple alternative promoters and terminators, which contains several small nucleolar RNAs
(snoRNAs; SNORD64, SNORDI107, SNORD108, SNORDI109A/B, SNORDI115, and
SNORD116), and the UBE3A antisense (ATS) transcript (see Figure 1) (Cavaill¢ et al., 2000;
Runte et al., 2001). Among snoRNAs, the loss of the active SNORD116 cluster is believed to
be the most significant contributor to PWS pathogenesis (De Smith et al., 2009; Sahoo et al.,
2008).

The SNHG14 serves as a host gene for snoRNAs, which are processed from introns during
transcript splicing. The primary SNORDI116 transcript undergoes neuron-specific splicing
mediated by the splicing factor RBFOX3/NeuN. During this process, introns give rise to
individual snoRNAs, while exons are spliced into the 116HG transcript (see Figure 3). Both


https://chatgpt.com/?q=snoRNAs
https://chatgpt.com/?q=UBE3A
https://chatgpt.com/?q=SNORD116
https://chatgpt.com/?q=SNHG14
https://chatgpt.com/?q=RBFOX3%2FNeuN

products play crucial roles in PWS pathophysiology. (Coulson et al., 2018; Powell et al., 2013;
Runte et al., 2001)

Snhg14
% ................................................................ &
Snrpn  Snord116 Snord115 Ube3a-ats
A snoRNAs  snoRNAs Ube 33'

IC |
—ml ul gl g
d \u
o S
116 host gene — Q 2
(116HG)

| |
S ° %"

RNA cloud snoRNAs

Figure 3: A schematic overview of Snord116 processing in mouse (mus musculus). The long paternally
expressed transcript Snhg 14 is shown in blue and maternally expressed Ube3a is shown in pink. The
primary Snord116 transcript is comprised of a repeating array of exons (red) flanking intron-embedded
snoRNAs (green). Processing of this primary transcript produces snoRNAs from the introns of
Snord116 and the 116HG from the spliced exons of Snord116. (adapted from Coulson et al. (2018);
modified)

2.2.4 SNORDI116

The SNORDI116 belongs to the group of orphan snoRNAs, which contain conserved C
(RUGAUGA), D (CUGA), and less conserved C’/D’ box motifs, and variable antisense
elements (ASEs) that enable specific target binding. While canonical snoRNAs are involved in
rRNA and small nuclear RNA (snRNA) modifications, such as pseudouridylation and 2’-O-
ribose methylation, orphan snoRNAs interact with pre-mRNAs, regulate alternative splicing,
and even influence gene expression. The specific targets of SNORD116 remain largely
unknown, but recent studies in human cells have identified a wide range of potential targets
(e.g. PAX6, FGF13, IRXS), including PWS-associated genes themselves, notably MAGEL2.
SNORDI116 is believed to play an important role in brain development, regulation of neuronal

pathways, and gene expression regulation, making it a key factor in the pathology of PWS.
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(Falaleeva et al., 2016; Ganot et al., 1997; Gilmore et al., 2024; Kiss-Laszlo et al., 1998; Qi et
al., 2016).

In the human genome, SNORD116 is arranged in 30 tandem repeats, which Baldini et al.
(2022) have categorised into three distinct classes (I-III). By contrast, the mouse (Mus
musculus) carries 79 repeats of Snord116. Despite its higher repeat count, the mouse variant
exhibits lower variability, consisting only of class I repeats. Additionally, loss of Snord116
does not result in hypotonia or obesity, characteristic features observed in affected humans.
Instead, the mouse model maintains a lean body composition despite increased food intake.
Energy homeostasis remains unaffected, and Ding et al. (2008) have suggested that the
observed phenotype is caused more by behavioural factors (overeating) than metabolic

dysfunction. (Baldini et al., 2022; Ding et al., 2008; Qi et al., 2016)

2.3 Angelman syndrome genes

The critical region on human chromosome 15 also contains paternally imprinted genes
(UBE3A and ATP10C). Loss of their expression leads to another disorder, Angelman
syndrome, which is characterised by developmental delay, intellectual disability, ataxia,
hypotonia, seizures, limited speech, and distinctive behaviour with an apparent happy

demeanour that includes inappropriate laughter and excitability. (reviewed by Buiting, 2010)

The UBE3A (ubiquitin-protein ligase E3A) is a paternally imprinted gene only in the brain,
while in other tissues, it is expressed biallelically (Vu & Hoffman, 1997). Imprinting is
maintained by the antisense UBE3A transcript, which represses paternal UBE3 A expression in
cis (Johnstone et al., 2006). As an E3 ubiquitin ligase, UBE3A influences many cellular
processes (Scheffner et al., 1993). Primarily, its function involves the degradation of neuronal
proteins critical for synaptic connection development and plasticity (Greer et al., 2010). Known
targets are, e.g. the synaptic protein Arc, the circadian transcriptional factor BMALI, and the
guanine nucleotide exchange factor Ephexin5, whose activity is regulated through proteasomal
degradation (Gossan et al., 2014; Greer et al., 2010; Margolis et al., 2010). Additionally, the
SK2 potassium calcium-activated channel’s cell surface levels are controlled differently

through endocytosis (Sun et al., 2015).

The ATPI0C (ATPase phospholipid transporting 10C) gene encodes a putative

aminophospholipid translocase (Meguro et al. (2001). While its precise molecular function



remains unclear, studies have shown that the absence of this protein is associated with insulin

resistance and obesity (Dhar et al., 2006; Hurst et al., 2012).

3 MOUSE MODELS

Mouse models of PWS can be broadly categorised into two types: larger deletion models,
which encompass the entire PWS critical region (PWSCR) on mouse chromosome 7, and
single-gene knockdown models, primarily targeting Snord116 or, less frequently, Magel2,
Ndn, IC, and Snurf-Snrpn (reviewed by Bervini & Herzog, 2013). While complete deletion
models may initially seem the most comprehensive, their neonatal lethality often limits their
practicality for research (Gabriel et al., 1999). As a result, the Snord116" mouse is more
commonly used due to its standard survival rate (Ding et al., 2008). However, its relatively
mild PWS phenotype compared to human patients can complicate the assessment of potential

treatments.

Interestingly, (Qi, Purtell, Fu, Sengmany, et al., 2017) have demonstrated that ambient
temperature influences the manifestation of Snord116 loss. Mice housed at room temperature
(22 °C) exhibited the expected PWS-like phenotype, whereas those maintained at
thermoneutrality (30 °C) displayed only reduced body weight compared to wild-type (WT)
controls. This finding suggests that environmental factors may modulate phenotypic outcomes

in PWS models, potentially impacting preclinical research.

4 NEW THERAPEUTIC STRATEGIES

4.1 Hormonal therapy

Initially, it is important to mention the only possible treatments for PWS nowadays. Even
though hormonal therapy cannot cure this disorder, it is currently the only possibility for
managing PWS. While GH therapy is the standard treatment for improving growth, body
composition, and motor function in PWS patients, emerging research has highlighted the
potential for additional hormonal therapies. Oxytocin therapy, for instance, has shown promise
in enhancing social cognition and regulating appetite, the area where GH therapy alone falls
short. Likewise, GLP-1 receptor agonists, originally developed for type 2 diabetes, or diazoxide
choline have demonstrated promising results in mitigating obesity. This chapter describes the

mechanisms, clinical applications, and future potential of these hormone-based treatments.



4.1.1 Growth hormone

Growth hormone is a crucial peptide hormone produced by the anterior pituitary gland and is
involved in regulating growth, metabolism, and body composition. A key mediator of GH’s
growth-promoting actions is insulin-like growth factor 1 (IGF-1) and IGF-2, which are
primarily synthesised in the liver and epiphyseal plates in response to GH stimulation. IGF-1
and IGF-2 drive cell proliferation and differentiation, particularly in bone and muscle tissues,
facilitating longitudinal growth and tissue repair. Beyond its role in growth, GH directly
influences metabolism by promoting lipolysis, enhancing protein synthesis, and modulating
glucose uptake, thereby regulating body composition and homeostasis. (reviewed by Ranke &

Wit, 2018)

Insufficient GH production can lead to growth and metabolic disorders, necessitating
therapeutic intervention (reviewed by Ayuk & Sheppard, 2006). Supplementation with GH has
become an effective solution for these conditions with the development of recombinant safe

GH production in the 1980s (Flodh, 1986).

Figure 4: (a and b) 7- and 13-year-old children, respectively, not receiving growth hormone treatment.
(c and d) 7- and 13-year-old children, respectively, who have had growth hormone treatment and good
weight control. Informed consent was obtained for the publication of these photographs. (adapted from
Cassidy et al. (2012), modified)

One of the endocrine deficiencies observed in PWS is impaired GH secretion due to
hypothalamic dysfunction (Grugni et al., 2006). GH therapy has emerged as an effective
approach to addressing this deficiency (see Figure 4). In adults with PWS, a comparative study
by Frixou et al. (2021) has demonstrated that GH therapy significantly improved body
composition by increasing lean body mass and reducing fat mass, even though changes in body
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mass index and bone density were not observed. Additionally, GH therapy in adults were

generally well tolerated, with only minor and transient adverse effects reported.

Results of the long-term study by Grootjen, Trueba-Timmermans, et al. (2022) comparing GH-
treated and untreated children have emphasised the advantages of initiating GH therapy early.
Beginning treatment within the first year of life led to a more favourable body composition and
proportions development. Early treated children exhibited a more pronounced reduction in fat
mass and a sustained increase in lean body mass index compared to those who began therapy
later, between the ages of two and five. Furthermore, early GH intervention were linked to
enhanced cognitive development, as evidenced by improved performance in language-related
assessments, such as vocabulary scores (Donze et al., 2020; Grootjen, Trueba-Timmermans, et
al., 2022). These findings suggest that GH therapy in infancy not only supports physical growth
but also contributes to neurodevelopmental improvements, ultimately leading to better overall

outcomes in children with PWS.

4.1.2 Oxytocin

Another possibility for addressing PWS lies in oxytocin therapy, a pharmacological approach
aimed at targeting the syndrome’s social and behavioural deficits and hyperphagia (reviewed
by Althammer et al., 2022). While GH therapy is efficacious in improving physical growth and
body composition, it does not sufficiently address social and appetite-related behaviour.
Oxytocin, a neuropeptide crucial for social bonding and satiety regulation (reviewed by Lee et
al., 2009; Olson et al., 1991), has emerged as a potential therapeutic candidate. Research
indicates that the oxytocin system is impaired in PWS, characterised by a reduced number of
oxytocin-producing neurons in the hypothalamic paraventricular nuclei and diminished
expression of prohormone convertase 1 (PC1), leading to an accumulation of the less active
pro-form of oxytocin (Burnett et al., 2016; Swaab et al., 1995). This dysregulation likely

contributes to both the excessive hunger and the social difficulties observed in PWS.

In mouse models lacking Magel2, early postnatal oxytocin treatment has been shown to
partially prevent social and learning deficits, suggesting that the critical period for intervention
is a few days after birth. (Meziane et al., 2015; Schaller et al., 2010). Clinical trials investigating
intranasal oxytocin application in PWS patients have yielded mixed results. A study conducted
on individuals aged 12-30 years has not demonstrated significant improvements (Einfeld et al.,

2014). However, trials focusing on younger children have reported some beneficial effects,
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though the impact on behavioural parameters and hyperphagia varies across studies (Kuppens

et al., 2016; Miller et al., 2017; Tauber et al., 2011; Valette et al., 2025).

To enhance treatment efficacy, Josselsohn et al. (2024) have proposed a dynamic dosing
regimen combined with social interventions, rather than a fixed schedule, to better align with
oxytocin’s natural pulsatile secretion and reduce the risk of tolerance over time. Administering
oxytocin during targeted therapies, such as speech or behavioural training, could enhance the
brain’s responsiveness to social cues, thereby maximising therapeutic benefits. By addressing
hyperphagia and social dysfunction, oxytocin therapy offers a promising complement to
existing interventions. Further research is necessary to refine dosing strategies and determine

the optimal age for intervention.

4.1.3 Diazoxide choline

Uncontrolled appetite can lead to obesity, a significant risk factor for type 2 diabetes,
cardiovascular diseases, and reduced mobility (Fletcher et al., 2002). Specially developed drugs
that help manage hyperphagia can greatly ease the burden on carers, as once hyperphagia
develops, controlling food-seeking behaviour becomes extremely challenging. Recently, the
U.S. Food and Drug Administration (FDA) has approved a new drug called Vykat XR
(diazoxide choline) (U.S. Food and Drug Administration, 2025), which functions as an
activator of ATP-sensitive potassium channels on neuropeptide Y (NPY)/agouti-related protein
(AgRP)/gamma-aminobutyric acid (GABA) (collectively referred to as NAG) neurons in the
arcuate nucleus of the hypothalamus (Pocai et al., 2005; Secher et al., 2014). These neurons
are implicated in appetite and endocrine regulation. Typically, leptin activates these potassium
channels, leading to hyperpolarisation of the neuronal membrane and a reduction in the release
of appetite-stimulating hormones (Spanswick et al., 1997; Van Den Top et al., 2004).
Diazoxide choline mimics the function of leptin by acting as an agonist of the same channel.
Owing to its strong ability to cross the blood-brain barrier, it can be effectively administered

orally (Kishore et al., 2011).

The approval of diazoxide choline was preceded by several clinical studies utilising controlled-
release tablets (DCCR). In a small Phase II pilot trial conducted by Kimonis et al. (2019), 13
overweight or obese adolescents and adults with PWS were administered DCCR for 10 weeks
in an open-label phase, followed by a 4-week double-blind period in which a subset received a

placebo. The study has found a notable reduction in appetite by the end of the open-label phase,
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particularly among individuals who had reported more severe baseline hyperphagia or received
higher doses. Additionally, reductions in aggressive behaviours and body fat, alongside

increases in lean body mass, were reported, suggesting potential broader therapeutic benefits.

The larger Phase IIl DESTINY PWS trial, involving 127 participants aged four years and older,
has not demonstrated a statistically significant overall reduction in appetite compared to
placebo. However, participants with severe baseline hyperphagia experienced meaningful
improvements, as did a subgroup assessed prior to disruptions caused by the COVID-19
pandemic. Other reported benefits are reduced body fat adipokines, acylated ghrelin, and
insulin. (Miller et al., 2023)

Furthermore, a natural history comparison study by Strong et al. (2024) has found that DCCR-
treated individuals exhibited significant reductions in hyperphagia at both six and twelve
months, alongside improvements in behavioural symptoms such as aggression, anxiety, and
compulsive behaviour. Reported side effects, most commonly peripheral oedema, mild
hypertrichosis, and transient elevations in blood glucose, were generally manageable through
dose adjustment or diuretic treatment (Kimonis et al., 2019; Woloschak et al., 2022).
Collectively, these findings suggest that DCCR may represent a promising therapeutic option

for individuals with PWS, particularly those experiencing more severe hyperphagia.

4.1.4 GLP-1 receptor agonists

Another promising approach for managing obesity in PWS is the use of glucagon-like peptide-
1 receptor agonists (GLP-1 RAs), a class of drugs originally developed for type 2 diabetes
(T2D), but recent research has shown potential in addressing the metabolic challenges of PWS.
GLP-1 is an incretin hormone primarily secreted by the intestines in response to food intake
and is involved in glucose metabolism and appetite regulation. It enhances insulin secretion,
inhibits glucagon release, slows gastric emptying, and promotes satiety. GLP-1 receptor
agonists, such as liraglutide and exenatide, mimic the effects of natural GLP-1 while providing
prolonged activity compared to the endogenous hormone (reviewed by Barnett, 2007; reviewed

by Miiller et al., 2019; Secher et al., 2014)

Clinical reports have highlighted their potential benefits. In one case, a 17-year-old girl with
PWS and T2D treated with liraglutide experienced a 3.1 kg weight loss and reduced appetite
within two months, though weight regain occurred after 1.5 years (Duje et al., 2021). Similarly,

an adult patient with PWS achieved a remarkable 56.7 kg weight loss over a decade using
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exenatide and liraglutide, sustained by a low-calorie diet, with no significant side effects

(Ahmed et al., 2023).

Beyond individual cases, systematic evidence supports the broader applicability of GLP-1
agonists in PWS. Ng et al. (2022) have evaluated the results of ten studies, including 23 PWS
patients aged 13-37 years, treated with either exenatide or liraglutide for durations ranging
from 14 weeks to 4 years, found that 16 had T2D, and 19 showed HbA1c improvements (0.3%
to 7.5%), while 10 experienced BMI reductions (1.5 to 16.0 kg/m?). Mechanistically, GLP-1
agonists may suppress ghrelin, an orexigenic hormone implicated in PWS hyperphagia (Purtell
et al., 2011). However, evidence remains inconsistent: One study has reported a significant
decrease in serum ghrelin levels after a year of liraglutide treatment (Senda et al., 2012), while

another study has found no significant change with exenatide (Salehi et al., 2017).

The drugs’ safety profile appears favourable, with transient nausea as the primary side effect
and no reports of severe complications like gastric rupture despite theoretical risks from
delayed gastric emptying (Arenz et al., 2010; Ng et al., 2022; Paisey et al., 2011; Salehi et al.,
2017). These findings position GLP-1 agonists as a promising adjunctive therapy, potentially
complementing dietary interventions to mitigate obesity, though their long-term impact on

weight maintenance requires further investigation.

4.2 Activation of expression from the maternal chromosome

One potential strategy for treating PWS involves reactivating the silent maternal copy to
compensate for the missing paternal expression. This can be achieved theoretically using
modern technologies such as histone methyltransferase inhibitors, CRISPR/dCas9-based
epigenetic effectors or activators of transcription. Unlike hormone therapy, which primarily
mitigates symptoms, this approach has the potential to address the underlying cause of PWS.
However, challenges remain, including the need for repeated treatments, specificity, and the

risk of activating UBE3A-ATS, which could lead to UBE3A silencing.

Horsthemke & Wagstaff (2008) and Xin et al. (2003) have suggested that DNA methylation is
essential for PWS imprint establishment, but later in development, histone modifications play
a more significant role in maintaining gene silencing. This is one of the reasons why research
has primarily focused on removing repressive histone methylation marks from critical genes
(Cruvinel et al., 2014; Kim et al., 2017; Langouét et al., 2020). Various epigenetic histone

marks can dynamically regulate gene expression levels. Typically, methylation of Lys4 on
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histone H3 (H3K4) and acetylation of Lys9 on histone H3 (H3K9) are associated with
chromatin relaxation, allowing better transcriptional access. In contrast, methylation of H3K9

is linked to transcriptional repression. (reviewed by Horsthemke & Buiting, 2008)

4.2.1 Methyltransferases inhibitors

Saitoh & Wada (2000) were the first, who have demonstrated the possibility of reactivating
imprinted genes through drug treatment. They have shown that treating cells derived from PWS
patients with the DNA methyltransferase inhibitor 5-azadeoxycytidine led to increased
expression of SNURF-SNRPN. This effect was associated with the SNURF-SNRPN CpG
island demethylation and increased histone H3 acetylation. However, despite these promising
in vitro findings, the approach using DNA methyltransferase inhibitors has never been

successfully replicated in vivo.
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Figure 5: (a) A schematic chromatin-spreading model for maternal activation of the candidate PWS-
associated genes in response to G9a inhibitor. Top, on the paternal chromosome, a widely open
chromatin structure allows for gene transcription (for example, NDN, SNRPN and SNORD116).
Bottom left, on the maternal chromosome, G9a-mediated methylation of H3K9 can propagate in a
bidirectional manner along the PWS-associated genes. A compact, closed chromatin structure
suppresses gene transcription of paternally expressed genes. Bottom right, G9a inhibitors induce the
opening of chromatin structure through the reduction of H3K9 methylation, which derepresses the
expression of PWS-associated genes. (b) Principle of epigenetic therapy for PWS via the G9a inhibitor.
UNCO0638 and UNC0642 (blue dots) directly reduce H3K9 methylation (red stars) but do not change
methylated PWS-IC (black hexagon). The reduction of H3K9 methylation would be sufficient to
activate PWS-associated genes and thereby offer therapeutic benefits. (adapted from Kim et al. (2017);
modified)

Almost two decades later, Kim et al. (2017) took a different approach by targeting the histone
methyltransferase G9a, building on the findings of Xin et al. (2003), to reverse the silencing of
the maternal allele. They have demonstrated that selective inhibition of G9a with small-
molecule inhibitors UNC0638 and UNCO0642 specifically reduced H3K9 dimethylation
(H3K9me2) at the PWS imprinting centre while leaving DNA methylation unchanged. This
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epigenetic modification resulted in increased chromatin accessibility and reactivation of Ndn,

Snurf-Snrpn and Snord116 gene expression. (see Figure 5)

These findings have been validated in both human PWS patient-derived fibroblasts and a PWS
mouse model carrying a deletion from Snrpn to Ube3a (mP25"Y: This mouse model offers a
valuable balance between mimicking the progression of PWS in humans and allowing for long-
term experiments, as some individuals can survive for extended periods (3 months). Despite
the high neonatal mortality and the presence of the PWS phenotype, the model’s ability to
survive up to three months provides a significant advantage over the complete deletion model,
enabling the study of longer-term effects. Notably, in the mouse model, UNC0642 treatment
significantly improved the survival and growth of newborn pups, providing a compelling proof-

of-concept for an epigenetics-based therapeutic strategy for PWS.

However, the underlying molecular mechanisms remain unclear. One intriguing question is
how treatment activates Snord116 expression without influencing the Ube3a ATS, given that
both arise from the same long transcript, Snhgl14. This suggests the involvement of distinct
regulatory mechanisms. One possible explanation is that the expression of the ATS transcript
may initiate from alternative transcriptional start sites (TSSs) within this region. Galiveti et al.
(2014) observed no correlation between UBE3A ATS and snoRNA expression profiles,
proposing two alternative TSSs: one located between the SNORD116 and SNORDI115
snoRNA clusters and another upstream of the UBE3A ATS. Another explanation could be that
the effect of the inhibitor is localised to the IC, with distant regions remaining transcriptionally
inaccessible (Kim et al., 2017). Interestingly, Wu et al. (2019) have investigated different G9a
inhibitors (A366, UNC0638, and UNC0642) in PWS neural progenitor cells (NPCs) and
observed upregulation of UBE3A ATS and, surprisingly, even UBE3A itself. This unexpected
result suggests that G9a inhibition may have broader effects on chromatin accessibility and

gene regulation.

A further question concerns the specificity of the treatment. G9a is a crucial histone
methyltransferase involved in histone modifications and also can act on non-histone targets
(Rathert et al., 2008; Tachibana et al., 2001), and while the authors claim that their small
molecules specifically target the PWS region, the exact molecular mechanism remains
unknown. Furthermore, the authors did not provide evidence, such as bulk mRNA sequencing,
to show that their treatment does not affect the expression of other potentially unintended

genes. On the other hand, wild-type mice treated with UNC0642 did not exhibit any signs of
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health or neurological impairments, suggesting that the treatment does not cause broad adverse
effects. Finally, the positive effect of the treatment has been shown to diminish over time after
the drug injection, implying the need for repeated administration to maintain its therapeutic

efficacy.

4.2.2 Further promising targets

Recent research into the epigenetic mechanisms of PWS has highlighted ZNF274 and
SETDBI, in addition to G9a, as key regulators of maternal gene silencing. These findings open
exciting possibilities for therapeutic intervention. ZNF274, a zinc finger protein (ZFP), binds
to specific sites within the maternal SNORDI116 cluster and recruits SETDB1, a histone
methyltransferase. SETDB1 then deposits repressive H3K9me3 marks, locking the maternal
allele in a silent state. Targeting the ZNF274-SETDBI interaction represents a promising
strategy for reactivating these silenced genes. (Cruvinel et al., 2014; Frietze et al., 2010;

Langouét et al., 2018)

Studies have demonstrated the feasibility of this approach using distinct methods. Cruvinel et
al. (2014) have shown that SETDB1 knockdown in induced pluripotent stem cells (iPSCs)
derived from PWS patients reduced H3K9me3 levels at the SNORDI116 locus, leading to
partial reactivation of maternal SNURF-SNRPN and SNORD116. This suggests that SETDB1
inhibition could reverse epigenetic silencing; however, its broad activity across the genome
raises concerns about off-target effects. A more precise approach, such as localised SETDB1

inhibition at SNORD116, could enhance specificity and therapeutic potential.

Alternatively, Langouét et al. (2020) utilised CRISPR/Cas9 to edit ZNF274 binding sites
within the SNORDI116 cluster in PWS iPSCs. By deleting or mutating these sites, they
disrupted ZNF274 binding, leading to the reactivation of maternal SNORD116 and SNURF-
SNRPN expression in PWS-derived neurons, reaching 50% of paternal expression levels.
Unlike SETDB1 knockdown, this method avoids altering ZNF274 or SETDBI1 function
elsewhere in the genome (Valle-Garcia et al., 2016), offering a targeted solution with reduced

risk of unintended consequences.

4.2.3 Delivery systems

Previously mentioned drugs, due to their small size and simplicity, do not require specialised

delivery systems. However, the advent of precise gene therapy introduced the need for more
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sophisticated delivery methods, as these therapies often consist of multiple subunits that must
be targeted to specific locations within the organism. To address this challenge, viral-based
delivery systems were developed to leverage the natural ability of viruses to transfer genetic
material into cells efficiently. For the treatment of PWS, AAV and lentiviral vector systems
have been utilised, offering distinct advantages in terms of target specificity, efficiency, and

long-term gene expression.
4.2.3.1 AAV Vectors

AAV vectors, derived from adeno-associated viruses (Parvoviridae), have become a
cornerstone of gene therapy due to their ability to target specific tissues with minimal systemic
toxicity efficiently. These vectors are engineered to be non-replicating and primarily maintain
gene expression through episomal persistence, thus they rarely integrate into the host genome,
thereby reducing the risk of unintended genetic disruptions (reviewed by McCarty et al., 2004).
A pivotal advantage of AAV vectors lies in their diverse serotypes, which enable tissue-specific
targeting. For instance, AAVY efficiently transduces the heart and brain, while AAV8 exhibits
a strong tropism for the liver (Deverman et al., 2016; Gao et al., 2002; reviewed by Zhao et al.,
2024). However, their packaging capacity is limited to approximately 5 kb for single-stranded
DNA (Z. Wu et al., 2010), which poses challenges for delivering larger genes. To overcome
this limitation were developed innovative solutions such as dual-vector systems and engineered
mini genes (Senis et al., 2014; Swiech et al., 2015; B. Wang et al., 2000). This precision has
led to the successful application of AAV vectors in FDA-approved therapies for inherited
retinal diseases and spinal muscular atrophy while also demonstrating the potential for treating
neurological disorders, metabolic conditions, and even certain cancers (reviewed by Wang et
al., 2024). Despite their advantages, AAV-based therapies face challenges, including immune
responses at high doses, potential liver toxicity, and scalability issues in large-scale production

therapy (Manno et al., 2006; Nathwani et al., 2014).
4.2.3.2 Lentiviral Vectors

Lentiviral vectors derived from human immunodeficiency viruses (HIV) offer an alternative to
AAV-based gene therapies. Unlike AAV, they integrate into the host genome, ensuring stable
and long-lasting gene expression, even in dividing cells (reviewed by Wang et al., 2021). This
makes them particularly well-suited for applications such as chimeric antigen receptors T-cell
therapies for blood cancers, where they have demonstrated considerable clinical success

(Kochenderfer et al., 2014; Maude et al., 2014). Beyond oncology, lentiviral vectors have
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proven effective in correcting genetic disorders, including [-thalassemia, X-linked
adrenoleukodystrophy, metachromatic leukodystrophy, and Wiskott-Aldrich syndrome by
modifying hematopoietic stem cells ex vivo (Aiuti et al., 2013; Biffi et al., 2013; Cartier et al.,
2009; Imren et al., 2002). Their larger packaging capacity of approximately 89 kb allows for
the delivery of bigger genes or multiple genetic elements, making them ideal for more complex
therapeutic strategies (Kumar et al., 2001; Tiscornia et al., 2006). Advancements in safety have
significantly reduced risks associated with lentiviral vectors. The last third generation of self-
inactivating vectors minimises the likelihood of generating replication-competent viruses (Dull
et al., 1998). However, challenges persist, including a small but inherent risk of insertional
mutagenesis and the need for rigorous manufacturing protocols and long-term patient
monitoring (Babaei et al., 2015; Lewinski et al., 2006). Despite these hurdles, lentiviral vectors
remain an indispensable tool for therapies requiring permanent genetic modifications, offering

a robust platform for a wide range of clinical applications.

4.2.4 CRISPR/dCas9-based epigenetic effectors

The invention of CRISPR technology has revolutionised genetic and epigenetic research,
providing precise tools to manipulate gene expression and explore complex regulatory
mechanisms. Originally derived from a bacterial immune system, CRISPR (clustered regularly
interspaced short palindromic repeats) utilises the Cas9 nuclease to introduce targeted double-
strand breaks in DNA, guided by a small RNA molecule known as a guide RNA (gRNA). This
gRNA is composed of two components: the CRISPR RNA (crRNA), which includes a
sequence complementary to the target DNA and recognises the protospacer adjacent motif
(PAM) necessary for cleavage, and the trans-activating CRISPR RNA (tracrRNA), which
binds to Cas9 and is essential for its activation. For convenience and efficiency in genome
editing applications, these two RNA elements are often fused into a single guide RNA (sgRNA)
(see Figure 6). (Jinek et al., 2012, 2014)
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Figure 6: (A) The two-part guide RNA consists of a duplex of a tracrRNA (green, upper right) and a
crRNA (dark blue). (B) In sgRNA, the linker sequence forms a hairpin loop-like structure that fuses the
crRNA and tracrRNA into a single RNA oligo that functions as the guide RNA. (adapted from Turk &
Spencer (2024))

A major advancement in this system came with the development of a catalytically inactive
version of Cas9, known as dCas9 (deactivated Cas9), which retains its DNA-binding ability
but lacks nuclease activity. This modification transformed dCas9 into a versatile platform for
epigenetic editing by allowing fusion with various effector domains, enabling precise
modulation of gene expression without altering the underlying genetic sequence. These
CRISPR/dCas9-based epigenetic effectors have opened new avenues for investigating gene
regulation and hold immense promise for therapeutic applications, particularly in disorders
caused by epigenetic dysregulation, such as PWS. (Cano-Rodriguez et al., 2016; Hilton et al.,
2015; X. S. Liu et al., 2016)

A recent study by Rohm et al. (2025) has employed CRISPR/dCas9-based epigenetic effectors
to achieve precise activation of maternally silenced genes. The researchers have used dCas9
fused to different effector domains delivered by lentiviral particles to target and manipulate the
epigenetic marks of the PWS locus in human iPSCs. Specifically, they have used two distinct
approaches: transcriptional activation with a VP64-fused dCas9 (V%*dCas9V"**) and DNA
demethylation with a Tetl-fused dCas9 ("'!dCas9). These effectors target specific regulatory
elements within the PWS locus, identified through CRISPR activation (CRISPRa) and
interference (CRISPRi) screens (reviewed by Kampmann, 2018), to reactivate maternally

silenced genes, including SNURF-SNRPN and downstream transcripts such as SNORD116.

The YP%4dCas9VP* system involves fusing the VP64 transcriptional activator, a tetramer of the
herpes simplex virus VP16’s minimal activation domain, to both ends of dCas9, enhancing its
ability to recruit transcriptional machinery and activate gene expression (Beerli et al., 1998;

Chakraborty et al., 2014). In the study, this effector was used in a CRISPRa screen with a
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gRNA library tiling the 15q11-13 region, revealing two clusters of regulatory elements (matl
and mat2) approximately 100 kb upstream of the PWS-IC. Targeting these regions with
VPO4dCas9VP* significantly increased maternal SNURF-SNRPN expression, although it
reached only ~7% of wild-type levels in PWS iPSCs.

In contrast, the T!'dCas9 approach focuses on reversing DNA methylation. The Tetl enzyme,
part of the ten-eleven translocation family, catalyses the conversion of 5-methylcytosine to 5-
hydroxymethylcytosine, initiating active DNA demethylation (Tahiliani et al., 2009). The
study tested multiple Tet1 constructs, ultimately optimising with T¥*dCas9, which features an
extended linker for improved efficacy. A targeted screen with this effector identified a
regulatory region overlapping the PWS-IC (mat3), distinct from the VP64 targets, where
demethylation activated maternal SNURD-SNRPN to over 25% of wild-type levels.
Remarkably, transient expression of ""!V*dCas9 led to stable, long-term expression of maternal

SNURF-SNRPN, suggesting a heritable epigenetic reprogramming event.

This study provides insights into the epigenetic regulation of PWS and highlights the potential
of CRISPR/dCas9-based effectors for therapeutic applications. While YP**dCas9VF%* and
TetlvddCas9 partially reactivated SNURF-SNRPN, future work should explore their effects on
other PWS-related genes to achieve broader epigenetic correction. Additionally, further in vivo
studies in mouse models are necessary to assess the long-term stability, specificity, and

therapeutic feasibility of these approaches in a physiological context.

4.2.5 Zinc finger protein-based transcriptional reprogramming

Zinc finger proteins (ZFPs) are a class of naturally occurring transcription factors prevalent in
eukaryotic cells, known for their ability to bind specific DNA sequences through modular zinc
finger domains (Nagai et al., 1988). These proteins can be engineered to target precise genomic
loci, making them powerful tools for genome editing and transcriptional regulation (reviewed
by Thakore et al., 2016). In the context of PWS, ZFP-based transcriptional reprogramming
offers a promising therapeutic strategy. Unlike AS, where the goal is often to activate the
repressed paternal UBE3A allele (Meng et al., 2015; Schmid et al., 2021; Wolter et al., 2020),
PWS requires the reactivation of silenced maternal alleles. The study by O’Geen et al. (2023)
provides valuable insights into how ZFP technology, combined with AAV delivery, can be
adapted for such purposes.
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In the referenced study, an artificial transcription factor (ATF), termed ATF-S1K, has been
designed to target the Snurf-Snrpn TSS in a mouse model of AS. This ATF consists of a ZFP
fused to a Kriippel-associated box (KRAB) repressor domain (Beerli et al., 1998; Margolin et
al., 1994), which silences the long non-coding RNA Ube3a-ATS. By downregulating Ube3a-
ATS, the paternal Ube3a allele is unsilenced, restoring UBE3A protein expression to
approximately 25% of wild-type levels in neurons across the brain. The delivery mechanism
has utilised an AAV vector, administered via a single tail vein injection, achieving brain-wide
transduction in adult AS mice. This approach has demonstrated high specificity, minimal off-
target effects, and no detectable inflammatory response five weeks post-administration,

highlighting the tolerability and efficacy of AAV-delivered ZFPs.

For PWS, a similar ZFP-based strategy could be employed, but with a modification: replacing
the repressive KRAB domain with an activation domain, such as VP64 or p65 (Ji et al., 2014;
P.-Q. Liu et al., 2001). By targeting the maternal SNURF-SNRPN promoter or regulatory
elements within the PWS-IC, an activating ZFP could potentially overcome the epigenetic
silencing imposed by maternal imprinting, reactivating genes like SNURF-SNRPN and
SNHG14. The small size of ZFPs (e.g., ATF-SIK is ~0.8 kb) compared to CRISPR-Cas9
systems (Senis et al., 2014; Swiech et al., 2015) makes them particularly suitable for AAV
packaging, which has a capacity limit of approximately 5 kb (Z. Wu et al., 2010). This size
advantage, combined with the neurotropic properties of AAV serotypes like AAV9 or AAV-
PHP.B, enables efficient delivery across the blood-brain barrier, a critical requirement for

addressing the neurological deficits in PWS (Cearley & Wolfe, 2006; Deverman et al., 2016).

4.3 Gene augmentation therapy

The most straightforward approach to addressing the PWS is to deliver the missing genes into
the affected individual. In contrast to AS, where a single gene, UBE3A, is the primary
contributor, PWS is more complex. The large size of the missing genetic information (several
Mbp) makes complete delivery with current tools impossible. For this reason, scientists have

primarily focused on delivering a functional SNORD116.

4.3.1 SNORDI116

Since the SNORDI116 gene cluster is considered the primary contributor to Prader-Willi

syndrome (PWS) in humans, scientists have primarily focused on restoring its expression
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(Coulson et al., 2018; Qi, Purtell, Fu, Zhang, et al., 2017). However, this approach presents
several challenges. Although a single SNORDI116 copy is relatively small (~100 bp) and
suitable for AAV delivery, research using interaction predictors suggests that each copy (or
rather, each class) may have a unique set of targets (Baldini et al., 2022; Bazeley et al., 2008;
Deschamps-Francoeur et al., 2022; Gilmore et al., 2024; Kehr et al., 2011). This implies that
using just one copy may not be sufficient for complete functional restoration. Moreover,
constructing a larger functional SNORDI116 cluster is complex. The transcribed RNA
undergoes neuron-specific splicing, which requires the Rbfox3 factor and an unknown element
from the SNHG14 for the proper formation of snoRNAs and the 116HG transcript (Coulson et
al., 2018). The following paragraphs summarise previous experiments, which, despite being

unsuccessful, have provided valuable insights into the molecular biology of SNORD116.

Qi, Purtell, Fu, Zhang, et al. (2017) have investigated the potential of using an AAV-based
approach to reintroduce a single copy of SNORDI116 into the hypothalamus of Snord1167/~
mice. These mice exhibit PWS-like phenotypes, including low postnatal body weight and
increased food intake (Qi et al., 2016). However, they do not develop obesity due to elevated
energy expenditure. The study has found that reintroducing SNORD116 specifically into the
mid-hypothalamus of 6-week-old mice housed at 20 °C led to a slight reduction in body weight
and weight gain, an effect attributed to increased energy expenditure. In contrast, injections
into other hypothalamic regions did not produce any significant changes. Additionally, older
mice treated with viral particles showed no improvement, suggesting that the therapeutic

window for SNORD116 restoration may be limited to early developmental stages.

Unfortunately, this study has several methodological flaws that undermine the validity of its
conclusions. The most critical issue is the absence of WT controls. Instead of comparing treated
mice to a proper WT group, authors only compared Snord116/~ mice treated with an empty
AAV vector to those receiving SNORD116, making it difficult to assess the actual impact of
the intervention. One possible reason for this omission is that the used Snord1167/~ model
exhibits only a mild PWS phenotype (Qi et al., 2016). Notably, when housed at 30 °C, these
mice closely resemble WT animals, further complicating the interpretation of results (Qi,
Purtell, Fu, Sengmany, et al., 2017). Additionally, for unclear reasons, the authors used the
human SNORD116 sequence rather than the mouse counterpart, which could have affected the
functional outcome of the experiment. These limitations highlight the need for more rigorous

methodological design in future studies exploring AAV-SNORD116 therapeutic strategies.
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4.3.2 BDNF

Among the promising therapeutic approaches for PWS, gene therapy targeting brain-derived
neurotrophic factor (BDNF) has emerged as a potential strategy to mitigate disease
manifestations. BDNF, a neurotrophin essential for synaptic plasticity, neuronal survival, and
growth, plays a crucial role in PWS pathophysiology, as its expression is reduced in the
hypothalamus of affected individuals (Bochukova et al., 2018; Snider, 1994). Recent research
by Queen et al. (2022) and Queen et al. (2023) has examined the use of AAV-mediated BDNF
gene therapy in the Magel2-null mouse model, which recapitulates typical PWS features,
including increased adiposity and impaired metabolic functions (Kozlov et al., 2007; Mercer
& Wevrick, 2009). These findings highlight the potential of BDNF-based interventions for

addressing metabolic and neurological deficits in PWS.

Queen et al. (2022) have demonstrated that hypothalamic AAV-BDNF gene therapy
significantly improved metabolic function and behaviour in female Magel2-null mice. The
study has found that BDNF treatment effectively prevented excessive weight gain, reduced fat
mass, increased lean mass, and enhanced energy expenditure over 23 weeks, all without
inducing adverse behavioural effects. Additionally, treated mice exhibited improved glucose
metabolism and insulin sensitivity, along with normalised levels of circulating leptin. Similar
metabolic benefits were observed in male Magel2-null mice, including improved body
composition and glycaemic control. Behavioural assessments in females further indicated
comparable performance to WT mice in repetitive and exploratory behaviour tests, suggesting
that BDNF supplementation may help address both metabolic and neurological deficits
associated with Magel2 deficiency (Mercer et al., 2009).

Building on this foundation, Queen et al. (2023) have explored the molecular mechanisms
underlying these improvements, focusing on the hypothalamic microenvironment. Through
mRNA sequencing, they identified a neuroinflammatory signature in Magel2-null mice,
characterised by upregulated inflammatory genes and microglial activation markers, consistent
with observations in human PWS patients (Bochukova et al., 2018). Remarkably, AAV-BDNF
gene therapy reversed this neuroinflammatory profile, downregulating inflammatory pathways
(reviewed by Cai and Khor, 2019) and microglial activation markers. This suggests that BDNF
may exert its therapeutic effects by modulating obesity-related neuroinflammation (De Souza
et al., 2005; Zhang et al., 2008), either directly or indirectly, potentially through interactions

with hypothalamic microglia or systemic metabolic feedback. These findings validate the
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Magel2-null mouse as a model for studying PWS-related neuroinflammation and highlight
AAV-BDNF as a promising intervention for mitigating both metabolic and inflammatory

aspects of the syndrome.

Despite its potential, AAV-BDNF therapy faces several challenges in clinical translation. The
deep location of the hypothalamus complicates direct injections, highlighting the need for
alternative, less invasive delivery methods (Queen et al., 2023). Moreover, as the therapy
focuses solely on BDNF augmentation rather than restoring the full spectrum of PWS genes,
its impact is limited to symptom management rather than addressing the root genetic cause of
the disorder. Future research should explore combinatorial approaches, integrating BDNF
therapy with strategies aimed at reactivating the maternal allele to provide a more
comprehensive treatment for PWS. Nevertheless, AAV-BDNF gene therapy represents a
significant advancement, offering a promising avenue to mitigate the metabolic and

inflammatory complications associated with PWS.
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5 CONCLUSION

Prader-Willi syndrome remains a complex neurodevelopmental disorder with no curative
treatment currently available. As outlined in this bachelor thesis, PWS arises from genetic
abnormalities affecting the 15q11-q13 chromosomal region, leading to severe metabolic,
endocrine, cognitive, and behavioural symptoms. Current treatment strategies primarily focus
on symptom management, with growth hormone therapy playing a central role in improving
growth and body composition. However, GH therapy does not address all aspects of the

disorder, particularly hyperphagia and social-behavioural deficits.

Recent advancements in molecular and pharmacological research have opened new
possibilities for PWS treatment. Emerging hormone-based therapies, such as oxytocin, GLP-1
receptor agonists, and diazoxide choline, show promise in tackling appetite dysregulation and
social impairments, complementing GH therapy to provide a more comprehensive treatment
approach. Additionally, gene therapy strategies, including epigenetic reprogramming,
CRISPR/dCas9-based interventions, and gene augmentation therapy, hold potential for
addressing the genetic cause of PWS. Studies targeting the reactivation of the silenced maternal
allele or introducing missing genes, such as SNORDI116, represent a shift toward disease-
modifying treatments that could significantly alter the course of PWS management in the

future.

Despite these promising developments, numerous challenges remain. Gene therapy approaches
must overcome delivery limitations, safety concerns, and potential off-target effects before
becoming viable clinical treatments. Similarly, long-term studies are required to assess the
efficacy and safety of novel pharmacological interventions, particularly in young patients with
developing nervous and endocrine systems. Ethical considerations also arise in the context of
genetic modifications, necessitating careful evaluation of risks and benefits before widespread
clinical application. As research progresses, a multidisciplinary approach integrating
endocrinology, genetics, and neuroscience will be essential for developing personalised and
effective therapies for PWS. The transition from symptom management to curative treatments
will require continued innovation, collaboration, and clinical validation. Although PWS
remains a challenging condition, the advancements discussed in this bachelor’s thesis bring
hope for improved patient outcomes and a future where individuals with PWS can achieve a

higher quality of life through targeted, effective treatments.
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