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Summary

Background

MeCP2 is a chromatin-associated protein whose dosage alterations cause two severe
neurodevelopmental disorders: Rett syndrome (RTT), linked to loss-of-function mutations,
and MECP2 duplication syndrome (MDS), linked to overexpression. Although widely studied
for their neurological symptoms, these disorders also display prominent non-exclusively
neurological features, including gastrointestinal dysmotility and muscle hypotonia - suggesting
that MeCP2 dysfunction may also impact peripheral tissues. Since MECPZ2 is expressed in
muscle, yet its role outside the nervous system remains pootrly defined, this work explores the

tissue-autonomous effects of MECP2 misexpression in muscle.

Aims

This project aims to establish a Drosophila model to investigate the impact of MECP2
misexpression in muscle tissue and its role in muscle development, assess whether the resulting
phenotypes are autonomous or secondary to neuronal dysfunction, and test the therapeutic
potential of short-chain fatty acids (SCFAs) - specifically butyrate - as chromatin-targeting

interventions.

Results

Because Drosophila lacks an endogenous MECP2 gene, we used transgenic lines overexpressing
either wild-type or mutant human MECP2. Using the Gal4/UAS system, tissue-specific
expression revealed that muscle-targeted MECPZ overexpression led to the strongest
phenotypes, such as reduced viability, disorganized skeletal and visceral muscle, impaired
locomotion, and delayed gut transit. In addition, mitochondrial abnormalities - increased
organelle number and altered cristae structure - were observed by electron microscopy in
muscle fibers. Visceral muscle defects were most pronounced when MECP2 was expressed

during gut development, suggesting interference with tissue maturation.

We also employed the model to functionally classify MECP2 variants. Alleles were scored
based on their ability to enhance or suppress wild-type MECP2 phenotypes. R1I06W
suppressed lethality and caused mild muscle disruption, consistent with loss of function. A166
enhanced lethality but caused minimal pathology, suggesting a benign effect. R294X produced

strong muscle phenotypes and variable lethality across tissues, indicating partial function.



To determine whether these effects were secondary to neural dysfunction, we expressed
MECP?2 in neurons but observed no impact on muscle structure or gut function. Similarly,
MECP?2 expression in muscle did not disrupt synaptic architecture. These findings support a

tissue-autonomous mechanism.

With a clear muscle-specific phenotype and considering their energetic and epigenetic
functions, we next tested whether SCFAs supplementation could reverse these defects. High-
dose propionate reduced survival. In contrast, acetate, sodium butyrate, and the butyrate-rich
postbiotic Lalbaay® improved viability and development, with Lalbaay® showing the

strongest effects.

Motor function was also enhanced, supporting the beneficial role of butyrate molecule. Indeed,
supplementation with sodium butyrate, an HDAC inhibitor with energetic role, specifically
restored muscle structure and gut motility. Valproic acid, a pan-HDAC inhibitor without
metabolic properties, produced similar improvements, suggesting an epigenetic mechanism of

action.

Finally, we began dissecting genetic interactions. Since Drosophila lacks endogenous MECP2, it
provides a clean background to identify functional modifiers. Recent work implicated PHF14 -
a MeCP2 interactor mutated in a Rett-like syndrome - as a candidate modifier. Given its
conservation in flies, we initiated a mutagenesis screen via transposon excision. To date, 22
candidate mutant lines have been isolated and are being validated, paving the way for future

genetic interaction studies.

Conclusions

This thesis demonstrates that MECPZ2 misexpression in Drosgphila muscle leads to autonomous
morphological and functional defects, which can be partially reversed by SCFAs such as
butyrate and Lalbaay®, likely via chromatin remodeling and possibly metabolic suppott.
Disease-associated MeCP2 variants reproduce the pathogenicity reported in patients, showing
distinct tissue-specific behaviours and underscoring the validity of this model for functional
interpretation. These findings highlight the systemic nature of MECP2 disorders and advocate
for therapeutic strategies that extend beyond the nervous system to include peripheral tissues

such as muscle.



1. Introduction

1.1 MeCP2-related Diseases

1.11 DNA Methylation and Chromatin Regulation
Methyl-CpG-binding protein 2 (MeCP2) is classically defined by its ability to bind methylated
cytosines in CpG contexts and to regulate chromatin structure by recruiting co-repressor

complexes and influencing nucleosome positioning (Nan et al., 1997).

Chromatin structure is dynamically regulated by DNA methylation and histone modifications,
which together determine the accessibility of genomic regions and gene expression programs
(Y. Chen et al., 2024). DNA methylation is central to transcriptional repression, genomic
imprinting, and neuronal development (Pefia, 2025), while histone modifications and
chromatin remodeling orchestrate gene expression patterns essential for cell differentiation and

function (Geiman & Robertson, 2002).

These epigenetic mechanisms allow neurons and other cell types to adjust transcriptional
output in response to developmental and environmental cues, and their dysregulation is

associated with altered chromatin architecture, transcriptional defects, and disease (Armstrong

et al., 2023; Fasolino & Zhou, 2017; Li et al., 2024).

In muscle development, DNA methylation and chromatin regulation also play crucial roles.
Myogenic transcription factors such as MyoD and MEF2 recruit chromatin-modifying
enzymes, including histone acetyltransferases (HATSs) and deacetylases (HDAC:s), to

coordinate muscle-specific gene expression and differentiation (McKinsey et al., 2001).

Overall, DNA methylation and chromatin regulation are central to controlling gene expression
programs in both neurons and muscles, with MeCP2 functioning as a versatile mediator linking
epigenetic marks to chromatin organization and cellular function. Emerging evidence further
broadens this view, showing that MeCP2 can also recognize non-CpG regions and specific
unmethylated DNA sequences and promote chromatin condensation independently of DNA
methylation, a mechanism recently linked to transcriptional activation (Chua & Liu, 2024;

Connelly et al., 2021; Galvao & Thomas, 2005; Hansen et al., 2010; Y. Liu et al., 2025). These



findings highlight the multifaceted nature of MeCP2, making its function even more complex

(Figure I).
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Figure I. MeCP2 regulates chromatin architecture and gene expression through DNA methylation —dependent and -
independent mechanisms, including chromatin compaction, enhancer repression, chromatin looping, transcriptional

modulation, genome stability, and RNA processing (Y. Liu et al., 2025).

1.1.2  MeCP2: Structure, Function, and Dosage sensitivity

MeCP2 is a modular protein encoded by a gene on the X chromosome and expressed as two
major splice variants, E1 and E2, which differ at their N-termini (Figure II). Through this
modular organization, MeCP2 bridges DNA methylation to chromatin regulation: the
functional domains include an N-terminal region, a methyl-CpG-binding domain (MBD) that
recognizes methylated CpG dinucleotides, and a transcriptional repression domain (TRD) that
mediates interaction with corepressor complexes (Heckman et al., 2014; Lyst et al., 2013). The
TRD contains a nuclear-receptor—corepressor interaction domain (NID) near its C-terminus,
and mutations in this region, such as R306C, disrupt binding to corepressor complexes such as

NCoR/SMRT and Sin3A/HDAC (Heckman et al., 2014; Ip et al., 2018).

Beyond these canonical functions, MeCP2 regulates chromatin structure and gene expression
through multiple mechanisms. It promotes heterochromatin compaction via phase separation
of intrinsically disordered regions, represses enhancer activity at mCA-rich topologically
associating domains (T'ADs), and cooperates with chromatin remodelers such as ATRX and
architectural proteins like CTCF to establish chromatin loops at imprinted loci (Figure I).
MeCP2 also interacts with additional factors, including the DEAD-box helicase DDX1 and
the PHD-finger protein PHF14, which participates in histone recognition and transcriptional
regulation. Disruption of MeCP2-PHF14 complexes has been linked to Rett-like phenotypes,
highlighting the role of these interactions in the heterogeneity of MECP2-related disorders
(Dominguez et al., 2024; J. Zhou et al., 2022).

Depending on cellular context, MeCP2 can act as either a transcriptional repressor or activator.
For example, occupancy at promoter CpG islands can enhance RNA polymerase II-driven
transcription, functioning as a positive cofactor at many neuronal genes. In addition, MeCP2
contributes to genomic stability and RNA metabolism, including splicing and miRNA
processing, further illustrating its versatile and complex role in chromatin organization and

gene regulation (Y. Liu et al., 2024, 2025).
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Figure II. Schematic diagram of (A) MECP2/Megp2 gene, (B) MECP2E1 and MECP2E? transcripts, (C) MeCP2E1 and
MeCP2E2 isoforms. MeCP2: methyl-CpG binding protein 2. The dark yellow boxes in B show 5' and 3' untranslated regions
(UTR) (Vun et al., 2023).

11.3 MECPZ2Related Disorders

MECP? is an exemplary dosage-sensitive gene: loss-of-function mutations cause Rett
syndrome (RTT), whereas duplications or triplications result in MECPZ duplication syndrome
(MDS) (Figure I1I; Bajikar et al., 2023; Heckman et al., 2014). Both conditions lead to severe
neurodevelopmental disease, highlighting that either deficiency or excess of MeCP2 disrupts
chromatin homeostasis. Studies in mice have shown that alterations in either direction affect
chromatin state, including histone acetylation patterns and gene expression, indicating

convergence on disturbed epigenetic regulation (Ip et al., 2018; Y. Liu et al., 2024).

RTT is an X-linked dominant disorder caused by heterozygous MECP2 mutations, affecting
roughly 1 in 10,000 females. These mutations are almost always de #ovo, typically arising in the
paternal germline. Classic RTT patients develop normally until 618 months, then experience

regression of language and motor skills, stereotyped hand movements, and autonomic and
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seizure disorders. RTT is usually lethal in hemizygous males; surviving males typically present
with somatic mosaicism or sex chromosome anomalies (Bajikar et al., 2023; Moog et al., 2003).
The severity of RTT depends on the type of MECPZ2 alteration: missense mutations in the
MBD often produce severe RTT, whereas certain TRD mutations result in milder courses

(Heckman et al., 2014).

Figure III. Children affected by MECP2-related disorders. Lefi: Hannah, diagnosed with Rett syndrome at 21 months,
exhibits motor and gastrointestinal impairments and requires a wheelchair and feeding support, yet retains a cheerful
disposition. Right: Jackson, diagnosed with MECP2 Duplication Syndrome at 3 years, shows hypotonia, developmental delays
in motor, cognitive, and speech domains, and is prone to recurrent infections and seizures. These cases illustrate the diverse
phenotypic spectrum of MeCP2 dysfunction and its impact on neuromuscular and gastrointestinal development. Sources:

Texas Children’s Hospital (Hannah’s Story, 2023); Phoenix Children’s Hospital (Jackson’s Story, 2021).

The prevalence of MDS is estimated to be around 1 in 100,000 live male births (Akaba &
Takahashi, 2025). MDS most commonly affects boys with duplication of the Xq28 region
containing MECPZ2. Maternal carriers are generally asymptomatic due to extreme skewing of
X-chromosome inactivation. Affected males show severe hypotonia, intellectual disability,

absent or limited speech, recurrent seizures, and immune dysfunction (Bajikar et al., 2023; Van

Esch et al., 2005).

Despite being caused by MECP2 overexpression, MDS shares phenotypic features with RTT,
including cognitive and motor impairments. Both disorders illustrate that cellular function is
highly sensitive to MeCP2 dosage. Both loss and gain of MeCP2 perturb chromatin and

transcriptional regulation, leading to overlapping clinical features.
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1.1.4 Neurological Manifestations

The neurological-associated phenotype of MeCP2 disorders constitutes the main hallmarks. In
RTT, classic onset includes developmental regression of speech and purposeful hand use,
replaced by distinctive hand-wringing or hand-clapping stereotypes (Einspieler & Marschik,
2019). Most patients also develop gait abnormalities, muscle tone irregularities, and seizures;
for example, in one large survey ~81% of RTT patients had epilepsy. Sleep disturbances,
breathing irregularities, and autonomic instability are also common (Smirnov et al., 2021).
MDS similarly causes profound intellectual disability, hypotonia, limited or absent speech, and
frequent epilepsy; many duplication patients also display hand stereotypes and spasticity (Ta et
al., 2022). Thus, both disorders share key neurological features, even though their genetic

causes are opposite.

Neuropathological studies and animal models reveal that MeCP2 deficiency primarily impairs
postnatal brain development rather than causing frank neurodegeneration (Smrt et al., 2007).
Postmortem studies of RTT patients reveal a ~15-30% reduction in brain weight compared to
controls, which is reflected in functional imaging and MRI as decreased gray matter volume
(Chahrour & Zoghbi, 2007). Cortical neurons display reduced dendritic arborization and spine
density, consistent with a synaptic phenotype: Megp2-null mice have impaired excitatory
synaptic transmission, whereas Megp2 overexpression increases excitatory synapse markers
(Boggio et al., 2010). These findings indicate that MeCP2-related encephalopathy reflects
arrested neuronal maturation and plasticity rather than irreversible neuron loss, as rescue
experiments in mice demonstrate that reactivating Mecp2 even in adulthood can reverse

symptoms (Robinson et al., 2012).

On the other hand, the primary neurological traits of MDS include infantile hypotonia, severe
to profound intellectual disability, autism or autistic features, and poor speech development.
Patients commonly experience epilepsy, progressive spasticity, and in some cases,
developmental regression (Ramocki et al., 2010). Additional neurological features include
severe motor and cognitive impairment, delayed or absent speech development, seizures, and
ataxia. The syndrome is associated with shortened lifespan and recurrent respiratory infections
(D’Mello, 2021). Female carriers, despite normal intelligence, may display neuropsychiatric

phenotypes (Ramocki et al., 2010).
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1.1.5 Non-Neurological phenotypes

Clinically, RTT patients commonly exhibit eatly-onset hypotonia (low muscle tone) and later
develop severe scoliosis and osteoporosis (Hagberg et al., 1983; Neul et al., 2010).
Furthermore, poor muscle tone and strength are prominent in patients. Scoliosis is also
prevalent (>60%) in older RTT gitls, likely reflecting both neuromuscular weakness and central

dysregulation of bone growth (Guidera et al., 1991; Percy et al., 2010; Zysman et al., 2000).

The PLOS study by Conti et al. (2015) confirmed that Megp2-null mice have markedly
disorganized skeletal muscle architecture with fiber hypotrophy and fibrosis (Conti et al.,
2015). However, in this paper conditional deletion of Megp2 only in muscle produced no

intrinsic muscle defects, suggesting that hypotonia in Rett is mainly non—cell-autonomous.

Nevertheless, Ross et al., (2016) showed that MECP?2 is also expressed in peripheral tissues at
lower levels (~10% of neuronal levels), and peripheral MeCP2 deficiency contributes to non-
neurological phenotypes despite a normal brain. These include hypoactivity, muscle fatigue and
exercise intolerance, and bone/skeletal abnormalities. This indicates that some features of RTT
- for example reduced stamina and hypotonia - might arise from MeCP2 loss in peripheral

tissues rather than central defects (Ross et al., 2010).

Gastrointestinal (GI) dysfunction is another major extra-CNS problem in MeCP2 disorders.
RTT patients frequently suffer from constipation, reflux, delayed gastric emptying, and
dysphagia. A large survey reported that ~80% of individuals with RT'T had chronic
constipation and ~40% had gastroesophageal reflux. Swallowing difficulties and prolonged
feeding times are also common. These GI problems can be severe and constant across the
lifespan, imposing a substantial burden on patients and families (Motil et al.,

2012). Specifically, loss of MeCP2 is associated with an altered gut microbiota and increased
intestinal permeability, impacting the gut's ability to function properly (Marballi & MacDonald,
2021; Nakhal et al., 2024; Strati et al., 2016; Vicentini et al., 2021; Wahba et al., 2015, 20106).

Key non-neurological traits of MDS include infantile hypotonia, recurrent respiratory
infections, and gastrointestinal problems. Additionally, affected individuals exhibit dysmorphic

features, though these are not yet well-characterized (Ramocki et al., 2010; Ta et al., 2022).

13



Together, these findings highlight that MeCP2 dysfunction affects multiple peripheral systems,

significantly impairing patients’ quality of life.

Table I. Neurological and non-neurological symptoms in Rett syndrome (RTT) and MECP2 duplication syndrome (MDS).

Rett Syndrome (RTT)

MECPZ2Duplication
Syndrome (MDS)

References

* Osteoporosis

* Skeletal muscle fiber
hypotrophy and fibrosis
(Mecp2-null mice)

» Exercise intolerance,
reduced stamina

* GI dysfunction:

constipation (~80%),

neurological)
* Feeding/swallowing
difficulties reported in

some cases

Neurological * Developmental * Profound intellectual Ross et al., 2016; Motil et al.,
symptoms regression (speech, disability 2013; Boggio et al., 2010; Van

putrposeful hand use) * Limited or absent Esch et al., 2005; Bajikar et al.,

* Stereotypic hand speech 2023

movements (hand- * Hypotonia

wringing/clapping) * Frequent epilepsy

* Gait abnormalities, ataxia, | * Hand stereotypes

spasticity * Spasticity

* Hypotonia * Cognitive and motor

* Epilepsy (~81%) impairment

* Sleep disturbances,

breathing irregularities,

autonomic instability

* Reduced dendritic

arborization and spine

density

* Impaired synaptic

transmission, arrested

neuronal maturation
Non- * Early hypotonia * Immune dysfunction Conti et al., 2015; Ross et al.,
neurological * Severe scoliosis (>60% (frequent infections) 2016; G. Wahba et al., 2016; Strati
symptoms of older patients) * Hypotonia (also et al., 2016; Wahba et al., 2015;

Vicentini et al., 2021; Nakhal et
al., 2024; Marballi & MacDonald,
2022; Esch et al., 2005; Bajikar et
al., 2023
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reflux (~40%), delayed
gastric emptying, dysphagia
* Altered gut microbiota,
increased intestinal

permeability

1.2 Drosophila melanogaster as a Genetic Model for Human Disease

1.2.1 General Introduction to the Fly as a Model System
Drosophila melanogaster is an extremely versatile model organism for genetics and biomedicine

(Kitani-Morii et al., 2021; Ugur et al., 2016). Its main experimental advantages include:

e Life cycle and reproduction: the fly completes a full cycle in ~10 days at 25 °C
(egg—3 larval stages—pupa—>adult) and each female lays 20 to 100 eggs per day
allowing rapid multigenerational studies with homogeneous populations (Gomez et al.,
2024; Mirzoyan et al., 2019).

e High gene homology: about 60% of the D. melanogaster genome is homologous to the
human genome and 75% of human disease-associated genes have orthologues in the
fly. This broad genetic overlap allows effective modeling of many human diseases,
including rare genetic disorders. It also facilitates testing pathogenic variants and
identifying novel disease genes (Link & Bellen, 2020; Ugur et al., 2016).

e Sophisticated genetic tools: binary expression systems (Gal4/UAS, LexA/LexAop,
QF/QUAS) with regulators such as Gal80"ts, together with RNAi, CRISPR/Cas9, and
recombination (Flp/FRT) techniques, allow precise and spatially controlled genetic
manipulations (Casas-Tinto, 2024).

e Cost and experimental flexibility: Drosophila is inexpensive to maintain and does not
involve vertebrate ethical issues. These qualities make it a practical model for

biomedical research, respecting the 3Rs principles (Vidal et al., 2024).

These qualities make Drosophila an ideal model to investigate complex molecular pathways,
allowing both genetic manipulations and drug or dietary supplementation studies in biomedical

contexts.
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1.2.2  Drosophila as a Model for Neurodevelopmental and Neurodegenerative
Syndromes

Drosophila melanogaster has proven to be an effective model for studying neurological diseases

due to its conserved genetic pathways and sophisticated experimental tools (Chan & Bonini,

2000; Deal & Yamamoto, 2019). Fly models recapitulate key features of both

neurodegenerative and heritable neurodevelopmental diseases (Gatto & Broadie, 2011; Nitta &

Sugie, 2022).

Neurodevelopmental disorders, including Angelman syndrome, Rett syndrome,
Neurofibromatosis Type 1, and Fragile X syndrome, have been investigated in Drosophila
models using mutants of human orthologs or transgenic expression systems (Gatto & Broadie,

2011).

Interestingly, large-scale genetic screens in Drosgphila have identified evolutionarily conserved
genes essential for neural maintenance, revealing that neurodegeneration often involves
mitochondrial dysfunction, lipid/iron metabolism defects, impaired protein trafficking, and

autophagy (Deal & Yamamoto, 2019; Yamamoto et al., 2014).

1.2.3 Misexpression of Human Proteins in Drosophila to model neurological diseases
Heterologous expression of human disease-associated proteins in Drosophila allows the
generation of reproducible and quantifiable phenotypes, providing a robust platform for

mechanistic studies and therapeutic screening.

Proteins such as amyloid-8 (AB), tau, a-synuclein («Syn), huntingtin (HTT), and parkin have
been expressed in specific tissues and developmental stages, modeling a variety of
neurodegenerative conditions, including Alzheimer’s, Parkinson’s, ALS, Huntington’s disease,

and ataxia telangiectasia (Bakhoum & Jackson, 2011; Bolus et al., 2020).

AR expression recapitulates key pathological features of Alzheimer’s disease and has been
successfully used to identify anti-proteotoxic candidates and to screen pharmacological
compounds (Elovsson et al., 2021). Similarly, aSyn transgenic flies reproduce hallmarks of
Parkinson’s disease and other synucleinopathies, facilitating comprehensive genetic analyses
and large-scale drug testing (Nagai et al., 2011). Misexpression of tau, HT'T, and parkin also

produces measurable cellular and functional phenotypes, such as protein aggregation, synaptic
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defects, mitochondrial dysfunction, and neurodegeneration, which can be quantified in

different tissues, including the eye, neurons, and muscles (Fernius, Starkenberg, & Thor, 2017).

Specific examples of human neurodegenerative protein misexpression in Drosophila and their

associated phenotypes are summarized in Table II.

These studies demonstrate the versatility of Drosophila as a system to link molecular pathology
with functional outcomes. By providing reproducible, accessible, and tissue-specific readouts,
misexpression models complement mutant analyses, bridging mechanistic insights with

translational applications.

Table II. Overview of human neurological and neurodevelopmental disorders modeled in Drosophila melanogaster. For each
disorder, the table summarizes the experimental approach, key phenotypes observed, and relevant references. Models include

transgenic expression of human genes or manipulation of fly orthologs, enabling studies of molecular, cellular, and behavioural

outcomes.

Disease / Disorder

Drosophila Model /
Approach

Key Phenotypes / Features

References

Parkinson’s Disease

(PD)

Genetic or toxin-based

models; expression of

Dopaminergic neuron loss,

protein aggregation, locomotor

Feany & Bender,
2000; Paricio &

human «-synuclein deficits Mufioz-Sotiano, 2011
(WT and mutant)
Huntington’s Disease Expression of Hallmark phenotypes, Michno et al., 2005;

(HD) / Polyglutamine

disorders

expanded human HTT

assessment of familial mutations,
genetic modifiers,

pharmacological interventions

Shulman & Feany,
2003

Alzheimer’s Disease
(AD) /
Amyloidopathies

Expression of AB1-42

Progressive neurodegeneration,
mitochondrial defects, synaptic

alterations

Chouhan et al., 2016;
Elovsson et al., 2025;
Fernius et al., 2017

Tauopathies

Expression of human

tau

Neurodegeneration, protein

aggregation, synaptic defects

Chouhan et al., 2016;
Fernius, Starkenberg,
& Thot, 2017,

Wittmann et al., 2001
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ALS

Expression of human
ALS-associated
proteins (e.g., mutant

SOD1)

Neurodegeneration, motor

deficits

Bakhoum & Jackson,
2011; Bolus et al.,
2020

Ataxia Telangiectasia

Expression of human
disease-associated

proteins

Neurodegeneration, cellular

dysfunction

Bolus et al., 2020

Angelman Syndrome

Expression of human
UBE3A ortholog /

transgenic systems

Genetic and behavioural
phenotypes related to

neurodevelopment

Gatto & Broadie,
2011

Rett Syndrome

Expression of human

Neurodevelopmental and

Gatto & Broadie,

manipulation of FMR1

ortholog

MECP2 transgenes behavioural phenotypes 2011
Neurofibromatosis Expression / Neurodevelopmental and Gatto & Broadie,
Type 1 manipulation of NF1 synaptic phenotypes 2011

ortholog
Fragile X Syndrome Expression / Synaptic and behavioural deficits | Gatto & Broadie,

2011

1.2.4  Drosophila as a Model to Study Rett Syndrome

Despite lacking an endogenous MECPZ2 ortholog and exhibiting only sparse DNA

methylation, Drosophila melanogaster has proven to be a valuable model for investigating aspects

of RTT pathophysiology, particularly those related to MECP2 gain-of-function. Two landmark

studies (Cukier et al., 2008; Vonhoff et al., 2012) demonstrated that heterologous expression of

human MECP?Z in fly neurons recapitulates specific structural and behavioural phenotypes

reminiscent of RTT, thereby validating the fruit fly as a complementary system to mammalian

models.
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Figure IV. A. Schematic representation of four MeCP2 alleles cloned into pUAST to generate transgenic flies. The methyl-
CpG-binding domain (MBD) is shown in blue and the transcription repression domain (TRD) in green; the nuclear
localization signal (NLS) resides within the TRD. B. Western blot analysis of each allele expressed with GMR-Gal4 using two
distinct MeCP2 antibodies to validate protein expression and epitope loss in deletion variants. E=F”. Immunofluorescence of
polytene chromosomes from L3 larvae (25°C), showing MeCP2 binding absent in controls but present with transgenes

(Adapted from Cukier et al., 2008).

Cukier et al. (2008) first generated Drosophila lines carrying wild-type and pathogenic MeCP2
alleles. They confirmed transgene expression by western blot and demonstrated that MeCP2
localizes to polytene chromosomes (Fig. IV).
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Figure V. Light microscope images (A=E) of fly eyes from controls or animals expressing MeCP2 driven by GMR-Gal4 driver
at 27.5°C. External eyes of control flies show normal ommatidial organization, while eyes from animals expressing any of four
distinct MeCP2 alleles show disruption in the structured pattern of the eye surface. F=G. The C5-Gal4 driver was used to
drive either UAS-lacZ or full-length MeCP2 throughout the wing pouch at 25°C. Compared to controls, MeCP2 expressing
flies have extra vein tissue (arrowheads) near 1.3 and L5. H. The neuronal driver Cha-Gal4 was used to drive expression of

cither UAS-eGFP or full-length MeCP2 at 25°C (Adapted from Cukier et al., 2008).

Importantly, flies expressing human MECP?2 displayed neurological phenotypes reminiscent of
RTT features, including disrupted eye morphology, impaired climbing ability, and wing
abnormalities (Fig. V).
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Figure VI. Heterologous expression of human MECPZ2 in Drosophila motoneurons. (A) Schematic of MN1-5 and their
innervation of dorsal longitudinal flight muscles (DLMs). (B) Normal dendritic structure of MN5. (C) Denderitic defects in
MN5 upon MECP2 expression. (D—E) MeCP2 immunostaining shows localization restricted to the MN5 nucleus, with no

signal in dendritic processes (adapted from Vonhoff et al., 2012).

Vonbhoff et al. (2012) first showed that neuronal overexpression of human MECPZ2 in
Drosophila leads to striking dendritic abnormalities, including a ~60% reduction in branch
number and ~50% decrease in total dendritic length. Importantly, these defects required an
intact methyl-CpG-binding domain (MBD), as mutant alleles lacking MBD function failed to
elicit structural changes, indicating that the phenotypes arose from specific molecular actions
rather than nonspecific toxicity. These dendritic impairments translated into severe motor
dysfunctions: affected flies displayed drastically reduced flight capacity, with mean flight bout
duration reduced by a factor of ~60, highlighting the functional consequences of MeCP2

dysregulation in motor circuits (Figure VI).

Building on these findings, the authors employed Drosophila as a high-throughput platform to
identify genetic modifiers of MeCP2-induced phenotypes. Using both candidate gene and
genetic screen approaches, they found that multiple chromatin remodeling genes (e.g., 0sa, Asx,
corto, Sem, 1rx), the kinase fricornered (frc), and the UBE3A target pebble (pbl) could either suppress
or exacerbate MeCP2-dependent phenotypes. Notably, reduction of osa dosage ameliorated
dendritic defects, suggesting that MeCP2 toxicity in flies may arise through aberrant chromatin

remodeling rather than direct DNA methylation. These insights underscore the utility of the fly
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model in uncovering conserved pathways and genetic interactions that modulate MeCP2

function.

Together, these studies highlight Drosophila as a powerful and genetically tractable system for
modeling MECP2 misexpression effects. While not recapitulating all aspects of RTT, the fly
model provides unique advantages: rapid experimental turnaround, precise genetic
manipulation, and the capacity to identify modifiers and therapeutic targets. Consequently,
Drosophila represents an important complementary model for unraveling the molecular

mechanisms underlying RTT and related neurodevelopmental disorders.

Building on the established validity of the Drosophila model for MECPZ2 misexpression, it
becomes particularly relevant to extend investigations beyond the nervous system. Given the
bidirectional communication of the gut—brain axis and the presence of non-neurological
symptoms in MECP2-related disorders, exploring muscle and gut phenotypes provides further

insights into disease mechanisms.
1.3 Gut and muscles involvement in neurological diseases

1.3.1 Gut functionality and dysbiosis in neurological diseases

As in many other neurological diseases, RTT subjects frequently present with gastrointestinal
manifestations such as constipation (Motil et al., 2012) and dysbiosis (Borghi & Vignoli, 2019),
suggesting a dysregulation of the gut—brain axis (Figure VII).

The gut—brain axis is a bidirectional communication network that connects the gastrointestinal
tract and the central nervous system through neural, endocrine, and immune pathways. Among
the microbial factors that sustain this crosstalk, metabolites are key mediators. In particular,
beneficial metabolites such as short-chain fatty acids (SCFAs - acetate, propionate, butyrate),
generated by bacterial fermentation of dietary fiber, play crucial homeostatic roles (Sittipo et

al., 2022).
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Figure VII. The physiological homeostasis attained during typical brain functioning is a result of the interactions between the
brain and the gut-brain. Several brain disorders, including Parkinson’s disease, neurodegenerative diseases, depression, stress,
Alzheimer’s disease, and neurodevelopmental disorders, have been linked to altered gut microbiota or gut dysbiosis (Ullah et

al., 2023).

Altered microbiota composition has been associated with a variety of neurological disorders,
including Alzheimer’s disease, Parkinson’s disease, autism spectrum disorder, and epilepsy. In
these contexts, dysbiosis is linked to reduced SCFA levels, increased gut permeability, and

microglial activation (Pedroza Matute & Iyavoo, 2023; Sittipo et al., 2022).

Recent research has identified significant alterations in gut microbiota composition in RTT
patients, revealing a less diverse microbial community with enrichment in Bactervidaceae,
Clostridium spp., and Sutterella spp., alongside depletion in Ruminococcaceae (Borghi et al., 2017).
These microbiota changes are associated with altered SCFA production and correlate with

severe clinical outcomes (Borghi et al., 2017; Borghi & Vignoli, 2019).

1.3.2 Muscle issues in neurological diseases

On the other hand, muscle issues are prominent features across various neurological diseases,
affecting both skeletal and potentially visceral muscles. Recent research provides compelling
evidence that muscle defects in neurological disorders arise from intrinsic muscle-specific
mechanisms rather than solely from denervation. In spinal muscular atrophy, muscle defects

occur prior to and independently of motor neuron degeneration, with genetic rescue
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experiments demonstrating muscle-specific requirements of disease-causing genes. Similarly,
conditional ALS mouse models expressing muscle-specific mutant SOD1 mutants develop
muscle atrophy accompanied primarily by muscle-intrinsic defects, with only mild and
secondary alterations reported in motor neurons (Boyer et al., 2013). In Huntington's disease,
R6/2 transgenic mice exhibit uniform muscle atrophy distinct from typical denervation
patterns, along with progressive neuromuscular junction abnormalities and impaired trophic
signaling between motor neurons and muscle (Ribchester et al., 2004). These findings
demonstrate that muscle tissue plays an active pathological role across multiple

neurodegenerative diseases (Duranti & Villa, 2024).

As mentioned before, both RTT and MDS present with hypotonia and muscle abnormalities
(Collins & Neul, 2022; Ta et al., 2022). In the RTT mouse model, skeletal muscle exhibits
disorganized architecture with hypotrophic fibers and tissue fibrosis, accompanied by
alterations in the IGF-1/Akt/mTOR pathway (Cont et al., 2015). Additionally, mice RTT
skeletal muscle demonstrates mitochondrial dysfunction, including reduced cytochrome ¢
oxidase subunit I expression, decreased respiratory chain enzyme activity, and diminished
glutathione levels, potentially contributing to progressive motor deterioration through
oxidative stress (Gold et al., 2014). MDS similarly presents with hypotonia and gastrointestinal

problems affecting visceral muscle function (Ta et al., 2022).

1.3.3 Energy Deficits and Chromatin Alterations as Drivers of Muscle
Pathophysiology
Muscle morphological and functional defects can arise from both energetic impairments and

alterations in chromatin structure.

With regard to energetic deficits, mitochondrial morphology is pivotal for muscle function:
disrupted cristae, imbalanced fusion/fission dynamics, or altered mitochondrial networks
reduce ATP production and compromise contractility. In Drosophila flight muscles, studies
have demonstrated a tight coordination between mitochondrial architecture and myofibrillar
structure, highlighting mechanical and energetic adaptations that optimize muscle performance

(Vila et al., 2017).

In parallel, chromatin alterations exert a profound impact on muscle fiber morphology and

function through multiple mechanisms. For example, during aging, skeletal muscle nuclei
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undergo structural and molecular changes that affect chromatin organization, gene expression,
and transcriptional activity, ultimately contributing to reduced muscle mass and function
(Cisterna & Malatesta, 2024). Moreover, external mechanical cues can modulate transcription
by remodeling chromatin structure, establishing a regulatory axis that links cellular morphology
to nuclear architecture and gene expression (Vergani et al., 2004). Chromatin-modifying
enzymes further regulate muscle gene expression by interacting with myogenic transcription
factors, thereby influencing differentiation, hypertrophy, and fiber-type specification
(McKinsey et al., 2002). Finally, skeletal muscle differentiation relies on highly coordinated
epigenetic mechanisms - including chromatin remodeling enzymes and higher-order chromatin
organization - that control the activation and repression of tissue-specific genes during

myogenesis (Hernandez-Hernandez et al., 2020).

Taken together, these findings demonstrate that both mitochondrial dysfunction and
chromatin structural changes directly contribute to muscle fiber development, maintenance,
and function, providing a conceptual framework for investigating muscle pathology in

MECP2-related diseases using Drosophila models.

1.3.4 The Drosophila Skeletal Muscles and Neuromuscular Junctions
As little is known about how muscle defects arise in MeCP2-related disorders, Drosophila
provides a valuable model to investigate the developmental and physiological mechanisms

underlying these abnormalities.

Larval muscle fibers are established during embryogenesis, whereas adult muscle fibers
originate during metamorphosis, either through remodeling of larval fibers or de novo
differentiation from muscle precursor cells, such as in the development of indirect flight

muscles (Schultheis et al., 2019).

Drosophila melanogaster larvae possess a highly organized musculoskeletal system that integrates
the exoskeletal cuticle, somatic body wall muscles, and visceral gut musculature to support

locomotion, organ positioning, and digestion.
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Figure VIII. Schematic of the Drosophila larval CNS and neuromuscular system, showing brain, subesophageal ganglia (SOG),
and ventral nerve cord (VNC). Motor neurons (MNs) in the VNC innervate abdominal muscles via intersegmental (ISN) and

segmental (SN) nerves, forming a myotopic map of motorneuron-to-muscle connectivity (adapted from Gowda et al., 2021)

The larval body wall includes specialized skeletal muscles, such as dorsal, ventral, and lateral
groups, organized segmentally and innervated by defined motor neurons, which generate
coordinated crawling movements through precisely timed contractions (Figure VIII; Ashley &
Carrillo, 2025; Bate, 1990; Heckscher et al., 2012). Certain muscles, including alary muscles and
thoracic alary-related muscles, connect the circulatory system and midgut to the exoskeleton,
functioning as spring-like structures that maintain organ positioning during locomotion
(Bataillé et al., 2015). These somatic muscles also act as developmental organizers, providing
scaffolding for adult flight muscles during metamorphosis, with myoblast fusion and
myotendinous junction formation regulated by factors such as fascin (Camuglia et al., 2018;

Poovathumkadavil & Jagla, 2020; Roy & VijayRaghavan, 1998).

The Drosophila neuromuscular junctions (NM]) serve as an excellent model system for studying
synaptic transmission, sharing structural and functional similarities with human synapses (B.
Zhang & Stewart, 2010). The larval body wall contains 30 muscles per hemisegment innervated

by 35 motor neurons in a highly stereotyped pattern (Brent et al., 2009).
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1.3.5 The Drosophila gastrointestinal system
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Figure IX. Comparison of human and Drosophila digestive tracts. (a) Major functional regions ate conserved, including
esophagus, midgut (anterior/posterior), hindgut, and stomach/crop. (b) Drosophila gut subregions, with foregut (crop,
proventriculus), midgut (R1-R5), and hindgut (adapted from Chiang et al., 2022).

Figure IX highlights the gastrointestinal tract of adult D. melanogaster, with panel B showing the
segmented gastrointestinal tract (R1-R5) (Chiang et al., 2022). Similar to humans, the fly

possesses an esophagus, a crop, and mid and hindgut that perform digestive and defense
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functions. The visceral musculature surrounds and supports the alimentary canal, providing the

contractile framework that drives peristalsis.
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Figure X. Schematic representation of the Drosophila intestine, indicating ontogenetic relationship between larval and adult

structures. (Adapted from Aghajanian et al., 2016)

The fly gut is encased by visceral musculature composed of longitudinal and circular syncytial
fibers, which support peristalsis, digestion, and epithelial homeostasis (Figure X; Aghajanian et
al., 2016; Klapper, 2000). Visceral muscles undergo extensive remodeling during
metamorphosis, dedifferentiating into mononuclear myoblasts before redifferentiating to form

the adult gut musculature (Aghajanian et al., 2010).

Gut motility is coordinated by specialized enteroendocrine cells expressing Diuretic Hormone
31 (DH31) and by somatic motor neurons innervating the hindgut and sphincter, enabling
sequential defecation cycles (Lajeunesse et al., 2010; X. Zhang et al., 2014). Neurotransmitters
such as proctolin and glutamate mediate precise neuromuscular signaling to circular muscle

fibers, ensuring effective intestinal contractions (Anderson et al., 1988).
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Functional studies have demonstrated that defects in skeletal or gut muscles, as seen in AMPK
or drop-dead mutants, impair peristalsis and nutrient absorption, highlighting the essential

interplay between muscle integrity and digestive function (Bland et al., 2010; Peller et al., 2009).

Together, the larval skeletal system and visceral musculature form an integrated framework
that coordinates locomotion, organ protection, and gut physiology, providing a versatile
platform for developmental and functional studies in Drosophila (Bataillé et al., 2015; Weitkunat

& Schnorrer, 2014).

1.4 Short-Chain Fatty Acids (SCFAs)

Preclinical studies suggest that interventions such as supplementation with probiotics,
prebiotics, synbiotics, dietary modulation, or fecal microbiota transplantation can mitigate
neuroinflaimmation and improve neurological phenotypes (Loh et al., 2024; Zheng et al., 2023).
Nevertheless, further clinical studies are required to validate these approaches and fully
translate them into effective therapeutic strategies for human patients (Alves et al., 2025;

Ashique et al., 2024; Hsieh et al., 2024; Wang et al., 2023).

1.4.1 Production and General Mechanisms

SCFAs, primarily acetate, propionate, and butyrate, are metabolites produced by gut
microbiota via fermentation of dietary fibers (Canani et al., 2011; Dalile et al., 2019; DeCastro
et al., 2022). Chemically, SCFAs are saturated aliphatic organic acids with fewer than six
carbons; acetate (C2), propionate (C3), and butyrate (C4) are the most abundant and
biologically significant (Cook & Sellin, 1998). As postbiotics, SCFAs act as functional
microbial-derived molecules that directly modulate host physiology (Figure XI). They exert
their effects through multiple mechanisms, including activation of specific G-protein-coupled
receptors (GPR41, GPR43, GPR109A) and inhibition of histone deacetylases (HDACs),
influencing energy metabolism, immune responses, and epigenetic regulation (Koh et al., 2016;

Tan et al., 2014).
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Figure XI. Mechanisms of actions of short-chain fatty acids. Production of SCFAs by bacterial fermentation of soluble
dietaty fibers in the colonic lumen. These metabolites can activate GPCRs expressed on the surface of intestinal epithelial cells
(HCAR2/GPR109a, FFAR2/GPR43, and FFAR3/GPR41) ot be internalized by cellular transporters (MCT and SMCT).
Once inside the cells, SCFAs can be used in the mitochondria for ATP generation, act in the nucleus as HDAC inhibitors, or
be transported outside of the cells into the intestinal lamina propria and subsequently into the bloodstream. Upon reaching
systemic circulation, SCFAs can modulate the function of several target tissues, including lungs, kidneys, and brain. SCFAs,
short-chain fatty acids; GPCRs, G-protein-coupled receptors; FFAR, free fatty acids receptor; HCAR2, hydroxycarboxylic acid
receptor 2; MCT, proton-coupled monocarboxylate transporter; SMCT, sodium-coupled monocarboxylate transporter;

HDAC, histone deacetylase (Cottea et al., 2022).

1.4.2 Energetic Roles of Butyrate: Mitochondria and Muscle

Butyrate (NaB) serves as the primary energy source for colonocytes, supporting mitochondrial
respiration and preventing autophagy in germ-free mice (Donohoe et al,, 2011). In skeletal
muscle and brown adipose tissue, supplementation enhances mitochondrial biogenesis, fatty
acid B-oxidation, and respiratory function, protecting against diet-induced metabolic
dysfunction and insulin resistance (C. L. Gao et al., 2011; Mollica et al., 2017; Rose et al.,
2018).

The tight coupling between mitochondrial architecture and myofibrillar organization (Vila et
al., 2017) supports the idea that modulating mitochondrial dynamics through NaB could help

preserve muscle integrity (H. Liu et al., 2023).
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Animal studies further validate the protective effects of NaB: in dexamethasone-induced
muscle atrophy, it reduces proteolysis and downregulates atrophy-related genes (Zhao et al.,
2025); in aging mice, it preserves fiber size, improves mitochondrial metabolism, and decreases
oxidative stress (Walsh et al., 2015). These data highlight the central role of butyrate in

supporting systemic energy homeostasis and skeletal muscle health.

1.4.3 Epigenetic Roles of Butyrate: HDAC Inhibition

Beyond metabolism, butyrate functions as a histone deacetylase (HDAC) inhibitor, promoting
histone hyperacetylation and altering gene expression (Davie, 2003). This epigenetic
modulation affects a subset of genes, particulatly via Sp1/Sp3 binding sites, leading to anti-
proliferative, pro-differentiative, and anti-inflammatory effects. In skeletal muscle cells, HDAC
inhibition contributes to protection against insulin resistance and obesity-related phenotypes

(Steliou et al., 2012).

In the nervous system, butyrate enhances neurogenesis, supports memory consolidation, and
exhibits neuroprotective effects. For example, in Huntington’s disease mouse models, it
extends lifespan, improves motor function, and delays neuropathological progression (Ferrante
et al., 2003). Moreover, NaB restores mitochondrial function in obesity-related
neuroinflaimmation models, upregulates brain-derived neurotrophic factor (BDNF), and

reduces oxidative stress in neurons and synapses (Cavaliere et al., 2023; Yan et al., 2024)

Collectively, SCFAs, and butyrate in particular, act as postbiotic molecules with integrated
metabolic, epigenetic, and neuroprotective roles. Their ability to maintain mitochondrial
integrity, modulate muscle function, and regulate gene expression positions them as promising

therapeutic agents for neuromuscular and neurodegenerative disorders.

1.4.4 Drosophila for SCFA

Drosophila is also useful for studying the effects of supplements and pharmacological
compounds. For example, feeding with 4-phenylbutyrate (a butyrate derivative) extends fly
lifespan (Kang et al., 2002) by modifying histone acetylation, while addition of sodium butyrate
mitigates motor deficits in a rotenone-induced Parkinson’s model (St. Laurent et al., 2013),

probably through its HDAC inhibitor activity. Moreover, the ease of raising large populations
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of Drosgphila at low cost and rapidly evaluating behavioural and physiological phenotypes
makes it ideal for high-throughput screening of new drugs or nutrients. This approach tests
antimicrobial and nutraceutical compounds (following the 3R paradigm) before moving to

more complex models (Link & Bellen, 2020; Vidal et al., 2024).
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2. Aims

The aim of my PhD thesis is to investigate the role of MECPZ2 misexpression in non-neuronal
tissues, with a focus on muscles in the Drosophila melanogaster model. A second objective is to
use this model to test SCFAs, some of which are already in clinical trials, on the observed
defects and to explore the mechanisms underlying their potential beneficial effects. The
ultimate goal is to contribute to the understanding of non-neuronal symptoms in MECPZ2-
related disorders - which are numerous and still pootly characterized - and to use the Drosophila
model to dissect the mechanisms of action of promising therapeutic supplements that may also

be applicable to other chromatin-related diseases.
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3. Materials and Methods

31

Drosophila Husbandry, Crosses, and Strains

All strains were maintained on standard cornmeal-based food containing yeast, molasses, and

agar at 25 °C, unless otherwise specified. Tissue-specific overexpression of human MECP2 was

achieved using the binary Gal4/UAS system (Brand and Perrimon, 1993). For temporal

control of Gal4 activity, tub-Gal§0™ts was employed: at 18°C, Gal80"ts represses Gal4, whereas

at 29 °C or above, it becomes inactive. Crosses were set at 25 °C, and progeny were shifted to

29 °C when higher UAS-driven expression was required.

The following genotypes were used:

3.1.1

Gal4 Drivers
Act5C-Gal4 (in house)
Tubulin-Gal4 (in house)
elav-Gald (Grifoni Lab, Universita dell’Aquila, Italy)
D42-Gal4 (BDSCH8816)
GMR-Gal4 (in house)
Iip-Gald (Aliaga Iab, Francis Crick Institute, UK)
Mip-Gald (Aliaga Iab, Francis Crick Institute, UK)
Mef2-Gald (Jafar-Nejad 1ab, Baylor College of Medicine, TX)
how24B-Gal (Jafar-Nejad Lab, Baylor College of Medicine, TX)
¢179-Gal4 (BDSC #6450)
vm-Gald (BDSC #48547)
r4-Gal4 (in house)
¢g-Gald (BDSC#7011)
MyO-Galt (BDSC #83278)
NP3270-Gal4 (DGRCH#113192)
NP3207-Gal4 (DGRCH113157)
hand-Gald (BDSC #66795)
tey-Gald (BDSC #2702)
tnb-Gal80"ts (BDSC #7108)
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3.1.2 UASResponders
o  UAS-MECP2 (Botas Lab, Baylor College of Medicine, TX)
o UAS-MECP2-R294X (Botas Lab, Baylor College of Medicine, TX)
o UAS-MECP2-R106W (Botas Lab, Baylor College of Medicine, TX)
o UAS-MECP2-A166 (Botas Lab, Baylor College of Medicine, TX)
e UAS-GFP (BDSC #5431)
o UAS-nuclear LacZ (Vincent Lab, Francis Crick Institute, UK)
o UAS-RFP (BL#27391)

3.1.3 Strains for Mutagenesis via Imprecise P-element Excision and RNA
interference lines
o  w+;Sp/CyO;A42-3[ry+],85b/ TM6,Ubx (transposase: in house)
e y[1] w[67c23]; P{y[+mDint2] w[+mC]|=EPgy2} CG15439[EY01496] (P-element
insertion: BDSC#20121)
e P{KK108167}VIE-260B (VDRC#110635)
o wll118; P{GDY021}v19490 (VDRC#19490)

BDSC: Bloomington Drosophila Stock Center; VDRC: Vienna Drosophila Resource Center;
DGRC: Drosophila Genomics Resource Center

3.2 Temporal Control of MECPZ2 Expression using Gal80"TS

To achieve temporal control of MECP2 expression and circumvent the early lethality
associated with constitutive expression under the Mef2-Ga/4 driver, we employed the
temperature-sensitive Gal80 repressor (Gal80”ts). The Gal80"ts system is a well-established
method for regulating Gal4/UAS-mediated gene expression in Drosophila in a temperatute-
dependent manner (Zeidler et al., 2004). Gal80 normally inhibits the transcriptional activator
Gal4 (Ma & Ptashne, 1988); however, the Gal80"ts variant allows temporal modulation of this
inhibition. At 18 °C (the permissive temperature), Gal80"ts binds and represses Gal4, thereby
preventing UAS-driven transcription. Upon shifting to 25 °C (the restrictive temperature),
Gal80”ts becomes inactive, releasing Gal4 and enabling expression of the UAS-linked

transgene (Barwell et al., 2023).
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In larval experiments, Mef2-Gal4 was used without Gal80”ts, resulting in constitutive
expression of MECP2 from the embryonic stage onward. For adult gut morphology analyses,
temporal control was achieved using ##5-Gal80”ts in combination with Mef2-Gal4. MECP2
expression was induced either immediately after eclosion (10 days after egg laying, AEL) or
after gut maturation (15 days AEL, corresponding to 5 days post-eclosion), by shifting flies
from 18 °C to 25 °C. Crosses were performed using the same Mef2-Gal4 and UAS-MECP2

lines described in the previous section.

3.3 Assessment of Tissue-specific Expression of Gal4 Rrivers

To validate the tissue specificity of the Gal4 drivers used in this study, we employed the UAS-
GFP reporter system. Each driver line was crossed to a UAS-GFP responder line, and the
resulting progeny was screened for GFP expression in vivo using fluorescence microscopy.
GFP signal was evaluated at different developmental stages including larvae, and, when
applicable, pupae and adult flies to capture dynamic expression patterns across tissues and time

points.

Microscopy was performed on whole-mount individuals or dissected tissues, using appropriate
filter sets to detect GFP fluorescence. To exclude potential artifacts due to tissue
autofluorescence, each driver line was also crossed to a control lines (lacking the UAS-GFP
transgene), and the same imaging settings were applied. Only GFP patterns distinguishable
from background autofluorescence were considered specific. Representative images supporting

these observations were collected (data not shown) and are available upon request.
3.4  Lethality Quantification

3.4.1 Quantification of Adult Lethality

To quantify the lethality associated with MECPZ2 overexpression, we performed genetic crosses
between tissue-specific Gal4 drivers (in heterozygosity and balanced over a dominant marker)
and a homozygous UAS-MECP2 responder line. For each cross, an equal number of virgin
females and males (typically 10 of each) were mated in standard vials, and egg laying was
synchronized over a 24-hour period to minimize variability in developmental timing. Progeny
were scored approximately 12 days after egg laying, in parallel across all experimental

conditions.
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Under Mendelian inheritance, 50% of the progeny were expected to carry both the Gal4 driver
and the UAS-MECP?Z transgene. We counted the total number of emerging adult flies and
determined the percentage of MECP2-expressing individuals by identifying those carrying the
Gal4 driver marker. This observed frequency was divided by the expected 50% to calculate a
sutvival ratio (i.e., observed% | expected’). The lethality ratio was then defined as the reciprocal
of the survival ratio (i.e., lethality = 1 / survival ratio) and used to quantify the severity of
developmental lethality across genotypes. This approach allowed normalization of lethality

values regardless of variations in total progeny numbers.

Synchronized egg collections were incubated at 25 °C on control or supplemented food. At
5 days AEL, the ratio of pupae to wandering .3 larvae was calculated. Pupae displaying rigid,

elongated cuticle were scored as non-viable.

3.4.2 Developmental Staging of Lethality

To further characterize the developmental stage at which lethality occurred, we performed
staging of all synchronized progeny 12 days after egg laying (AEL), a time point at which
control flies had fully reached adulthood. All crosses were synchronized by allowing egg laying
over a 24-hour period and incubated at 25°C on control or supplemented food. At day 12
AEL, progeny from all genotypes were examined, and their developmental stage was recorded

based on external morphology.

For genotypes exhibiting partial lethality, particularly Mef2>MECP2 and how24B>MECP2, we
quantified the number of individuals still at the larval, early pupal, or late pupal stage. These
counts were expressed as a percentage of the total number of progenies in the vial, allowing
comparison across conditions and replicates. The resulting distribution was used to identify
developmental delays or blocks and was graphically represented to complement the adult

lethality data.

3.5 Larval and Gut Length Measurements
Larval length was measured in wandering third-instar larvae without anesthesia. Larvae were
gently placed on a flat surface and immediately imaged under a stereomicroscope equipped
with a calibrated scale. For each condition, a minimum of 10 larvae were imaged, and total
body length was measured from the anterior mouth hooks to the posterior spiracles using Fiji
(Image]).
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Gut length was assessed in dissected whole guts from third-instar larvae and adults. After
dissection in cold PBS, samples were fixed in 4% paraformaldehyde (PFA), mounted in PBS,
and imaged at low magnification. The total gut length was measured from the proventriculus

to the hindgut end/posterior ampulla with Fiji.

In addition to length, gut width was measured in a defined anatomical region immediately
distal to the acid zone, where the midgut resumes a straight and regular morphology. The
measurement was performed perpendicularly to the gut axis and normalized by always
selecting the same segment across samples. A minimum of 5 guts per genotype and condition

were analyzed.

3.6 Eye Roughness Phenotypes

To evaluate the impact of MECP2 overexpression on eye development, flies carrying UAS-
MECP?2 constructs were crossed with the GMR-Ga/ driver line, which induces expression in
the developing eye imaginal disc. Crosses were maintained at 29°C to enhance Gal4-driven
expression. Adult flies (1-6 days after eclosion) were anesthetized using ice and imaged using a
stereomicroscope equipped with a color camera. Eye morphology was assessed based on the
disruption of ommatidial organization and loss of pigmentation, which are indicative of rough

eye phenotypes. Representative images were acquired for each genotype.

3.7 Wing Phenotypes

To investigate wing abnormalities potentially associated with neuromuscular defects, UAS-
MECP?2 lines were crossed to the D42-Ga/4 driver and GMR-Gal4 to the CG15439 RNAI line
(#GD). All crosses were conducted at 29 °C to ensure robust transgene activation. Adult flies
were anesthetized with CO, and their wings were imaged under a stereomicroscope. Wing
morphology was examined and compared to control flies to identify deviations such as
abnormal posture or structural defects. The penetrance and severity of the wing phenotype

were quantified using a minimum of 15 flies per genotype.
3.8 Muscle Morphology and Immunofluorescence

3.8.1 Body-Wall Muscles
Third-instar larvae were dissected in cold PBS (Sigma-Aldrich#D8537)and fixed in 4%
paraformaldehyde (PFA; Carlo Erba Reagents#415694) for 20 minutes at room temperature.
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Samples were washed in 0.1% PBST (PBS + 0.1% Triton X-100) and blocked for 30 minutes
in 3% BSA. Tissues were then incubated overnight at 4°C with rabbit anti-MECP2 antibody
(Invitrogen PA1-887, 1:200) to assess MECP2 expression, and stained for 2 hours at room
temperature with Alexa Fluor 488-conjugated anti-rabbit IgG (Jackson ImmunoResearch 111-
545-003, 1:200), Phalloidin-TRITC (Sigma P1951, 1:1000) to visualize actin fibers, and 15
minutes with DAPI (Sigma-Aldrich#D9542, 1:5000) for nuclear counterstaining. Samples were
mounted in antifade medium and imaged using a confocal microscope (Nikon A1R/AX laser

scanning).

Quantitative analysis was carried out using Fiji (Image]). For each sample, muscle 6 and 7 were
examined in abdominal segments A1-A3, and the width/length ratio was calculated for each

muscle as a measure of muscle fiber thickness.

3.8.2 Neuromuscular Junction (NM])

To analyze NM] morphology, dissected larval body-wall preparations (prepared as above) were
additionally incubated overnight at 4°C with mouse anti-Bruchpilot (nc82) antibody (DSHB,
1:100), followed by Cy3-conjugated anti-HRP (Jackson 123-165-021, 1:200) and DAPI (Sigma
D9542, 1:5000). Confocal images were acquired using a confocal microscope (Nikon AIR/AX
laser scanning). NM]Js located on muscles 6 and 7 in abdominal segments A1-A3 were
analyzed. Quantification of neuromuscular junction (NMJ) morphology and synaptic
architecture was performed using Fiji software. Bouton number was determined by manually
counting boutons along muscles 6/7 in abdominal segment A1-A3, based on morphological
criteria. Branch number was quantified by tracing distinct axonal branches extending from the
main nerve terminal. Synaptic active zones were visualized by immunostaining with the
presynaptic marker nc82 (anti-Bruchpilot), and their integrated density was calculated by
measuring the sum of nc82-positive pixel intensities within the NM]J region of interest. For
each genotype, values were normalized to muscle surface area to account for differences in

muscle size.

3.8.3 Visceral Muscles
Visceral muscles were analyzed in both larval and adult midguts. Guts were dissected and fixed
in 4% PFA for 40 minutes at room temperature, then permeabilized with 0.2% PBST and

blocked in PBTN (PBS + 0.1% Triton X-100 + 4% horse serum) for 30 minutes.
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Samples were stained with the following reagents:

e Phalloidin-Alexa Fluor 647 (Invitrogen A22287, 1:500) to visualize visceral muscle
fibers

e Rabbit anti-MECP2 (Invitrogen PA1-887, 1:200), incubated overnight at 4°C

e Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen A11008, 1:200) as secondary
antibody

Samples were mounted in Vectashield with DAPI (Thermofisher#NC9524612) and imaged
using confocal microscopy. Morphological evaluation focused on the muscle fibers in a
defined region of the midgut, immediately distal to the acid zone, which was consistently used
across samples. While no direct morphometric quantification was applied, fiber integrity and

organization were assessed qualitatively and compared across genotypes.

3.8.4 Immunostaining of Embryos

Mef2>GFP and ¢179>GFEP Drosophila lines were used to visualize skeletal and visceral muscles.
Embryos of the appropriate stage were collected on apple juice agar plates, treated briefly with
100% bleach for 1-2 min to remove the chorion, and washed thoroughly with distilled water.
Embryos were then dried on filter paper and transferred to clean tubes. Fixation was
performed in a scintillation vial containing heptane, PBS, and 37% formaldehyde for 20 min
with constant shaking. After removal of the aqueous layer, methanol was added, and embryos
were vigorously shaken to separate those with intact vitelline membranes, which remained at
the interface. Embryos were then transferred to Eppendorf tubes, washed at least twice with

methanol, and stored at —20°C until staining.

Fixed embryos were stained with anti-GFP (Abcam #5450) to detect transgene expression,
anti-FasIII (DSHB #7G10) to visualize visceral muscle membranes, and DAPI (Vectashield +
DAPI, ThermoFisher#NC9524612) for nuclei. Stained samples were mounted in Vectashield

and imaged using a confocal microscope.
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3.9 Functional Locomotion assays

3.9.1 Larval Crawling Assay

To assess larval locomotor performance, individual wandering third-instar larvae (n = 20 per
genotype) were gently transferred using a wet brush onto a Petri dish placed over graph paper
with a 0.5 cm? grid. Larvae were allowed to acclimate for 30 seconds and repositioned at the
center of the plate if necessary. Crawling behaviour was then recorded for 1 minute. The
number of grid lines crossed during this period was manually counted, and the total distance
travelled was calculated as the number of lines crossed multiplied by 0.5 cm. This value was
used to estimate the average speed (cm/min) of each larva. This assay quantifies locomotor
ability across genotypes and experimental conditions. Measurements were performed on 10-20
larvae per genotype. The protocol was kindly provided by Valentina Fajner (personal

communication).

3.9.2 Larval Wandering Ability Assay

To evaluate larval locomotor behaviour associated with pupariation, we assessed the wandering
ability of late third-instar (L3) larvae. Wandering is defined as the physiological crawling
movement by which larvae leave the food substrate to pupariate on the side of the vial. For
each genotype, larvae (n = 30) were allowed to wander naturally within their original food vials.
The amount of food in each vial and the egg-laying time was carefully standardized to
normalize larval density and minimize environmental biases. Locomotor ability was quantified
by measuring, in millimeters, the linear distance between the food surface level and the final
position of the pupal case along the vial wall. This assay provides a simple and quantitative

measure of larval locomotor performance related to developmental progression.

3.9.3 Adult Climbing Assay

Female adult flies (10 per vial, » = 4 vials per genotype), raised on either control or
supplemented diets, were tested for motor performance using a standard negative geotaxis
(climbing) assay. Flies were gently tapped to the bottom of the vial and given 10 seconds to
reach a 7 cm mark. The proportion of flies surpassing the mark was recorded. Each group was
tested at four time points: 5, 10, 20, and 30 days post eclosion (dpe). For each vial at each time

point, the climbing test was repeated 5 times, with 5-minute rest intervals between trials to
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avoid fatigue. Videos were recorded for all trials and analyzed offline to ensure consistent and

accurate scoring,.

To reduce variability due to manual handling, a custom-designed rack allowing simultaneous
mounting and tapping of up to 10 vials was used. This setup enabled parallel testing of all
experimental conditions, ensuring synchronized tap-down and minimizing operator bias. The
climbing index was calculated as the average proportion of flies that surpassed the mark across
the five trials for each vial. Importantly, flies were not exposed to CO; anesthesia for at least 3
days prior to testing to avoid any confounding effects on motor performance. The assay

protocol follows established methods widely used in Drosophila behavioural studies.

3.9.4 Adult Muscle Seizure Assay

To assess mechanically induced myoclonic seizures in adult flies, we developed a behavioural
assay based on startle-induced seizure activity. This test was performed on the same individuals
previously used in the climbing assay at 30 dpe. Flies of each genotype were mechanically
stimulated by gently tapping the vial against a hard surface two to three times, eliciting a startle
response. In susceptible flies, this stimulus triggered transient, involuntary myoclonic seizures,
followed by spontaneous motor recovery. Ten seconds after stimulation, the number of flies
still exhibiting seizure activity was recorded and normalized to the total number of individuals

tested. Videos are available upon request.

3.9.5 Mouth Hook Contraction Assay

Third-instar wandering larvae of Drosgphila melanogaster carrying either the Mef2>GFP control or
Mef2>MECP2 transgenes were synchronized by collecting eggs from equal numbers of
parental flies (20-25 pairs per tube) on standard cornmeal-molasses medium. At
approximately 96 hours post-egg laying, early wandering 1.3 larvae were gently harvested under
a stereomicroscope using fine-tip forceps and transferred in groups of five into silicone-coated
Petri dishes containing a thin layer (~2 mm) of 2% yeast solution. Following a 30-second
acclimation period, larval movements were video-recorded at 10X magnification for

60 seconds. Individual body-wall contraction waves were subsequently counted from the
recordings, and the mean contraction rate per minute was calculated for each group. Four

independent biological replicates were performed for each genotype. Statistical comparison
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between the Mef2>GEFP and Mef2>MECP2 cohorts was conducted using an unpaired

two-tailed Student’s #test in GraphPad Prism. Videos are available upon request.

3.10 Gut motility assays

3.10.1 Gut Peristalsis

Gut peristalsis was assessed both in wandering third-instar larvae (I.3) and adult flies. Larvae
were gently washed in PBS prior to dissection to remove debris. Intact guts were carefully
dissected in room temperature Schneider’s Drosophila Medium (Thermo Fisher
Scientific#21720-024). Dissection aimed to maintain all connected tissues while exposing only
the apical gut region around the physiological constriction (approximate boundary at the start

of the acidic zone).

After dissection, guts were transferred to fresh Schneider’s medium at room temperature. The
preparation was allowed to equilibrate until the first peristaltic contraction was observed. At
that moment, a timer was started and peristaltic contractions were counted manually under a

stereomicroscope for 1 minute.

3.10.2 Gut Clearance Assays
Two different gut clearance assays were performed on synchronized L3 larvae fed on a
bromophenol blue (Merck#B8026)-supplemented diet (0.0005%) to compare genotypes and

evaluate dietary supplementation effects.

e Blue Larvae Percentage Assay (Genotype Comparison): Larvae were placed on
Whatman paper soaked with 20% sucrose in PBS containing a blue dye. The
percentage of larvae displaying blue gut content was recorded at defined time points as

a readout of clearance efficiency.

¢ Food Retention Index (Dietary Supplementation): For a more quantitative
assessment, larvae (10 per replicate, 5 replicates per genotype) were similarly exposed
to the dyed sucrose solution, and residual gut content was scored at 8, 24, and 36 hours

post-exposure. The food retention index (FRI) was calculated as:

FRI = (No discharge X 1 + Semi discharge X 0.5 + Full discharge X 0) / Total larvae scored
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This index allowed finer quantification of gut clearance differences across dietary

conditions.

3.11 Diet Supplementation Protocols

All supplementation experiments were conducted using standard Drosophila medium
(cornmeal-agar-yeast) as the base diet. Each supplement was prepared by first creating a stock
solution, which was then diluted into the diet after it had cooled to 65°C to prevent
degradation of the compounds. The mixture was thoroughly homogenized to ensure even
distribution. Eggs were laid on the supplemented medium, allowing the progeny to develop

from embryo to adulthood under the specific dietary conditions.
Supplementation Details:

e Sodium Butyrate (NaB): (Sigma-Aldrich#B5887). A 20 mM stock solution was
prepared and diluted 1:10 into the diet, resulting in a final concentration of 2 mM.

e Valproic Acid (VPA): (Merck#P4543). Final concentrations of 1 mM and 2.5 mM
were used, prepared by diluting the stock solution into the diet.

e Propionic Acid (PA): Propionic acid is present in the standard diet at 0.7% as a
preservative. To achieve a final concentration of 0%, the existing propionic acid was
removed, and additional propionic acid was added accordingly to reach the final
concentration of 2.5%.

e Acetic Acid (AcOH): (Sigma-Aldrich#27221). A final concentration of 0.75% was
used, based on the protocol by Martelli et al., (2024).

e Lalbaay® (KOLFARMA SRIL#9828450306): This commercial product contains
sodium butyrate, among other components. The amount added was calculated to
provide a final concentration of sodium butyrate equivalent to that used in the sodium
butyrate supplementation. Lalbaay also contains maltodextrins, alpha-lactalbumin,
inulin, fructooligosaccharides, flavorings, sucralose (a sweetener), and polysorbate 80

(an emulsifier).
Outcome Measures:

e Developmental Progression: Assessed by the pupation rate, calculated as the

percentage of pupae over total larvae 5 days after egg laying (AEL).
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e Lethality during Larval-Pupa Transition: Viability was expressed as the percentage
of pupae reaching adulthood.

e Survival Ratio: Calculated as the observed versus expected ratio of progeny for each
genotype, based on Mendelian expectations due to the use of a balancer chromosome.

For normalization, the average survival of the control was set to 1 in each condition.

3.12 Electron Microscopy and Mitochondria Analysis

Body wall tissues from Drosophila melanogaster were dissected and immediately washed in cold
1x PBS. Samples were fixed for 3 hours at room temperature in 2.5% glutaraldehyde prepared
in 0.1 M sodium cacodylate buffer, then post-fixed in 4% osmium tetroxide (cat.19140,
Electron Microscopy Sciences, Hatfield, PA, USA) for 2 hours, followed by incubation in 1%
aqueous uranyl acetate (cat.22400-1, Electron Microscopy Sciences) for 1 hour at room
temperature. After dehydration through a graded ethanol series, specimens were treated with
propylene oxide (cat. P021, TAAB Laboratories Equipment, Aldermaston, UK) and embedded
in epoxy resin (Poly-Bed; cat.08792-1, Polysciences, Warrington, PA, USA). Polymerization
was catried out overnight at 42 °C and then for 48 hours at 60 °C. Semithin sections (200 nm)
were obtained and stained with toluidine blue for initial assessment of tissue orientation and
preservation. Ultrathin sections (50 nm) were collected on copper grids, counterstained with
1% uranyl acetate, and imaged using a HT7800 120 kV transmission electron microscope
(Hitachi) equipped with a Megaview III digital camera and Radius 2.0 software (EMSIS,
Muenster, Germany). Mitochondrial morphology was evaluated in transverse sections of
muscle fibers. For morphometric analysis, individual mitochondria were manually segmented
and measured using the line tool in Radius 2.0 software. Measurements included mitochondrial
number and cristae organization and were performed on twenty MIA (multiple image
alignment) micrographs for each condition at 20k magnification, on three biologically

independent samples (N = 3).
3.13 Generation and Validation of CG15439 Deletion Alleles

3.13.1 Imprecise Excision of a P-element in the 5'UTR of CG15439
To generate deletion alleles of CG75439 (the Drosgphila ortholog of PHF14), we performed
imprecise excision of a P-element inserted in the 5' untranslated region (5'UTR) of the gene.

Flies carrying this P-element were crossed to a transposase-expressing strain to induce
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mobilization. Progeny was screened for loss of red eye pigmentation, a visible marker of

excision events.

Candidate excision lines were isolated and maintained as balanced stocks. These lines were
then subjected to molecular validation to characterize the nature and extent of the induced

genomic alterations.

3.13.2 Genomic DNA Extraction and PCR-based Screening

Genomic DNA was extracted from pools of five whole 1.3 larvae per genotype using the
QIAamp DNA Mini and Blood Mini Kit (QIAGEN, Cat. No. 51104), following the
manufacturer’s protocol. DNA quantity and purity were assessed with a spectrophotometer

(NanoDrop One, Thermo Fisher Scientific).

PCR-based screening was then performed to detect deletions or rearrangements at the excision
site. A total of three forward and three reverse primers were designed using Benchling
(www.benchling.com), positioned approximately 100, 500, and 1000 base pairs upstream and
downstream of the P-element insertion site, respectively. Primer sequences are reported in

Table I1I.

Table ITIL. Primer sequences used for PCR screening of CG15439 excision alleles. Forward (F) and reverse (R)
primers flanking the original P-element insertion site were designed at three distances (~100 bp, ~500 bp,

~1000 bp) upstream and downstream, respectively.

Primer Name Sequence (5'-3")

F1000 TTCGATAAGAAAGCCGGCCA
F500 GAGCACTAGACAGCTGAAGT
F100 TGCGTAGTAATCTTCGGCTG
R100 ACTATTCTGTCCGTGTCATCGC
R500 TGTCGCAGTCGCACTCTAAT
R1000 CCATTGTGCGATTCCGTCTT

Primer design followed standard criteria for specificity, melting temperature, and amplicon
length, aiming to balance sensitivity and resolution of potential deletions. Genotyping PCR was
carried out using GoTaq® G2 DNA Polymerase (Promega#M7841). Reactions were prepared
in a final volume of 50 pulL containing 10 uL. of 5X Green GoTaq Reaction Buffer, 1 pLL of
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dNTP mix (10 mM each), 1 uL of each primer (10 uM), 0.25 uL. of polymerase (5 U/uL),

<500 ng of template DNA, and nuclease-free water up to volume. Cycling conditions were:
initial denaturation at 95 °C for 2 min; 25-35 cycles of 95 °C for 30 s, annealing for 30 s (2 °C
below the lowest melting temperature of the primer pair), 72 °C for 1 min/kbp; final extension
at 72 °C for 5 min; and hold at 4 °C. PCR products were resolved on agarose gels at
concentrations ranging from 1% to 2% depending on the expected amplicon size. Gels were
stained with DNA Gel Stain and visualized using a gel documentation system. Amplicons
showing size shifts compared to controls were considered indicative of potential excision

events and were selected for Sanger sequencing.

3.13.3 Sequencing and Analysis of Excision Events

To confirm the molecular nature of excision events, selected PCR amplicons were purified
using the Monarch® Genomic DNA Purification Kit (New England Biolabs#T3010) and
submitted for Sanger sequencing (Eurofins Genomics). Sequencing data were analyzed using
Benchling's alighment tools, comparing each sequence to the Drosophila melanogaster reference
genome to identify insertions, deletions, or rearrangements near the original P-element

insertion site.

3.14 Statistical Analysis

Data are presented as mean T standard deviation or mean * standard error, unless otherwise
indicated. Each data point corresponds to the mean of technical replicates within a single
biological replicate, unless otherwise indicated. Statistical analyses and graph generation were
performed using GraphPad Prism 8. Comparisons between two groups were conducted using
two-tailed unpaired Student’s t-tests. For comparisons involving three or more groups, one-
way analysis of variance (ANOVA). Statistical significance thresholds were set as follows and

indicated on graphs by asterisks: p < 0.05 (*), p < 0.01 (**), p < 0.001 (**¥), and p < 0.0001
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4. Results

Figures related to this section are provided from page 86 omwards

4.1Validation of a Drosophila Model for MECP2-Related Disorders with
Tissue-Specific Overexpression

Since MECP?Z is ubiquitously expressed in human tissues - including skeletal and smooth
muscle, according to The Human Protein Atlas (proteinatlas.org) - we sought to examine the
consequences of its misexpression in different tissues. To this end, we employed the Drosophila
UAS—Gal4 system, which enables tissue-specific gene expression and has previously been used
to investigate MECPZ2-related conditions (Cukier et al., 2008). A panel of tissue-specific Ga/4
drivers was therefore tested and selected to drive expression of human MECPZ2 together with a

GFP reporter (Fig. 1A; Table 1).

As an initial validation, we reproduced established phenotypes resulting from neuronal MECP2
expression. The overexpression of MECP2 with the GMR-Ga/4 driver produced a strong
rough eye phenotype (Fig. 1B, left panel), consistent with previous observations (Cukier et al.,
2008). In addition, expression under the neuronal driver D42-Ga/4 caused developmental
abnormalities, including defective wing morphology (Fig. 1B, right panel). Although D42-Gal4
is primarily a neuronal driver, similar wing defects have been reported when it was used to
overexpress a mitochondrial transcription factor (Cagin et al., 2015), suggesting that the

phenotype may, at least in part, result from indirect neuronal effects.

Table 1. Expression patterns and lethality associated with different GAL4 drivers in Drosophila. GAL4 drivers are
grouped according to their main expression domain (ubiquitous, entetic neurons, neurological, mesodermal and enterocytes).
For each driver, the larval (I.3) expression pattern is shown, indicating the specific tissues in which expression was detected.
The last column reports the percentage of lethality at adult stage (12 days AEL), calculated as the inverse of survival based on

the expected Mendelian ratio in flies expressing human MECP2.

Driver type Driver | Tested tissue(s) targeted MECP2 adult lethality
Ubiquitous drivers actin whole body 100%
Neurological drivers | elav brain 0%
D42 nervous system 4%
GMR eye discs 63%
Enteric neurons ip anterior enteric neurons 0%
Mip anterior enteric neurons 0%
Mesodermal drivers | Mef2 body wall, visceral muscles, salivary glands 100%
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how24B | body wall, visceral muscles, trachea, salivary 100%
glands
179 body wall, visceral muscles, salivary glands 83%
vm body wall, visceral muscles 100%
¢g fat bodies 85%
Enterocytes Myo enterocytes 3%
NP3270 | gut (enterocytes) 0%
NP3207 | gut (enterocytes) 0%
mex1 gut (enterocytes) 0%

4.2 Developmental Lethality Screening Reveals Muscle as a Site of

MECPZ2Misexpression Toxicity

We next assessed the ability of different drivers to induce lethality during development or
adulthood, as an indicator of pathological perturbation. Interestingly, MECPZ2 expression in
the mesoderm, which gives rise to muscles, caused the most pronounced lethality (Table 1).
Notably, MECP2 overexpression in the fat body using the cg-Gal4 driver also resulted in
substantial lethality (85%), consistent with previous evidence that MeCP2 levels in peripheral
metabolic tissues critically influence organismal viability and energy homeostasis (C. Liu et al.,
2020). Given the gastrointestinal motility impairments and movement defects observed in
patients, we specifically focused on investigating the impact of MECP2 misexpression in
Drosophila musculature. To this end, we primarily used Mef2-Gal4 and how24B-Gal4, two
muscle-specific drivers previously validated with a UAS-GFP reporter. Both drivers showed
robust expression in skeletal and visceral musculature (Fig. 1C) and led to 100% lethality at the
adult stage (Table 1). Immunostaining against MeCP2 confirmed its nuclear localization in
both muscle types, consistent with expected chromatin targeting, as previously reported by

Cukier et al. (Fig. 1D).

To analyse the effects of MeCP2 in muscles, we quantified survival at 12 days after egg laying
(AEL), considering this time point as representative of full adult eclosion under standard
conditions. Flies expressing MECPZ2 in muscle via Mef2-G.ALA4 driver displayed strong
developmental lethality, with the majority of individuals arrested at larval or eatly pupal stages.

In contrast, how24B>MECP2 flies progressed further in development, with most animals
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arrested as late pupae, reflecting the later onset of how-24B driver expression (Fig. 2A; Galeone

et al., 2020).

To further characterize these phenotypes, we visually documented morphological
abnormalities across developmental stages. Mef2 > MECPZ larvae appeared elongated
compared to controls with 27% of cases exhibiting pronounced shape distortions suggestive of
systemic defects. In contrast, how24B > MECPZ2 did not show any morphological defects at
either the larval or pupal stage (Fig. 2B-C). These results confirm that muscle tissue is highly
sensitive to MECP2-induced perturbation and that the developmental timing of expression

plays a crucial role in determining the severity of the phenotype.

4.3 Structural and Functional Defects in Larval Skeletal Muscles upon

MECP2 Misexpression

To further investigate the consequences of MECPZ2 misexpression in the mesoderm, we
focused on larval skeletal muscles, which are highly organized and well-characterized in
Drosophila. To ensure consistency, we focused on the morphology of muscle 6 and 7 of larval
segment Al, 2 and 3 (Fig. 3A). We found that compared with controls, muscle 6 of Mef2 >
MECP2 animals is significantly reduced in thickness compared to control larvae (Mef2>GFP)
(Fig. 3B). We note that UAS-MECP?2 larvae are fully viable and display normal skeletal muscles
(Fig. S1), confirming that muscle defects and lethality in Mef2>MECP2 and how24B>MECP2

animals result specifically from Gal4-driven overexpression.

To assess muscle functionality, we employed a series of behavioural assays that reflect the
performance of the larval and adult muscular system. Larvae expressing MECPZ2 in muscles
showed significantly reduced crawling speed compared to control larvae (Fig. 3C) and impaired
wandering ability compared to controls (Fig. 3D). To obtain data at the adult stage, we
employed the later-onset muscle driver ¢779 (Fig. S2), as MECP2 misexpression driven by Mef2
is fully lethal (Table 1). The ¢779 driver allows a fraction of animals to reach adulthood and be
assessed for locomotor performance (see Table 1 for lethality rates). Adult flies displayed
progressive locomotor decline compared to control, as measured by climbing ability over time
relative to age-matched ¢779>GFEP flies (Fig. 3E’) and abnormal, involuntary myoclonic
seizures at the adult stage upon mechanical stimulation, characterized by rapid, repetitive

muscle contractions, which were not observed in control adults (Fig. 3E”).
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Considering the critical role of mitochondria in sustaining muscle function, we analyzed
mitochondrial ultrastructure in the body wall muscles of L3 larvae overexpressing MECP2 in
muscles (Mef2>MECP2) compared to controls (Mef2>GFP). Transmission electron
microscopy (TEM) analysis revealed a notable increase in the number of mitochondria,
accompanied by a higher incidence of altered cristae morphology (Fig. 3F). The mitochondria
accumulation might reflect a compensatory response to energy imbalance in MECP2-
overexpressing muscles, consistent with previous data in other Megp2 KO models (Gold et al.,

2014).

Finally, we verified that these defects were not simply due to reduced feeding ability. By
measuring mouth hook contractions, even though with higher variability, we found no

significant differences between Mef2>MECPZ2 larvae and controls (Fig. S3A).

Together, these findings demonstrate that muscle-specific MECP2 misexpression
compromises both the structural integrity as well as the functionality of the skeletal
musculature, suggesting that alteration of MeCP2 in patients might affect directly the muscle

system.

4.4MeCP2 Mutant Phenotypes in Drosophila (R106W, R294X)

Given the clinical relevance of different MECP2 mutations in Rett syndrome, we next asked
how specific Rett-associated variants modulate the phenotypes observed upon wild-type
MECP?2 overexpression. R294X is a nonsense mutation that creates a premature stop codon,
converting arginine at position 294 to a stop codon generating a complete deletion of the TRD
(Ananiev et al., 2011; Chae et al., 2002). It is reported in several large studies as a pathogenic
MECP2 mutation that generally leads to milder clinical features, including lower clinical
severity scores, better preservation of walking ability and hand use, and later onset of
stereotyped movements (Cuddapah et al., 2014). One report, however, describes severe
intellectual disability associated with R294X (Jara-Ettinger et al., 2021). In contrast, RI06W is a
missense mutation that affects the highly conserved MBD of MeCP2. This mutation involves a
C—T transition at a CpG hotspot, representing one of the recurrent spontaneous mutations
identified in RTT patients (Wan et al., 1999). It is consistently associated with a severe

phenotype, with patients showing higher clinical severity scores and greater motor
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impairments; skewed X-inactivation may contribute to the observed severity in some cases

(Mietto et al., 2025)(Figure 4A).

Having established the effects of wild-type MECP2 (WT) overexpression on skeletal muscle
structure and function, we next investigated how these specific variants modulate such
phenotypes in Drosophila. To this end, we analyzed the above mentioned alleles (R106W,
R294X) in assays measuring pupal and muscle morphology and eye phenotype, , following the
interpretative framework proposed by Chen et al. (2025). In this model, a variant that behaves
like the reference protein or enhancing the phenotype is considered function-retaining (less
pathogenic), whereas one that fails to reproduce the reference phenotype (suppressing or

“rescuing’ it) is classified as loss-of-function (more pathogenic).

Interestingly, compared to Mef2>MECP2, Mef2>MECP2¥*" animals survived to adulthood. In
sheer contrast, Mef2>MFECP2**** animals survived less than Mef2>MECP2 animals (Figure 4B).

2R7 06\

Consistent with this, pupae expressing MECP. were of normal size, while those expressing
MECP2*** failed to pupariate and elongated as MECP2-expressing larvae (Figure 4C,
quantified in C’). As previously shown in Fig. 1, overexpression of wild-type MECP2 under the
GMR-Gal4 driver induced a rough-eye phenotype compared to the control GMR>GEFP.
Expression of MECP2%** caused lethality before the eye phenotype could be fully assessed. In
contrast, MECP2"'"" allele resulted in a morphology similar to that of the control (Figure
4D).Visualization of body-wall muscles revealed that MeCP2*'*Y did not induce muscle thinning
while MeCP2*"** induced a strong thinning and degeneration (Figure 4E). Thus, our genetic
analysis indicates that gain of function phenotypes of mesodermal MeCP2 expression are not

2R]06W

recapitulated by the loss of function MeCP variant, while the partially function-retaining

variant MeCP2"** yields gain of function phenotypes that are even stronger that of MeCP2.

These results are consistent with the pathogenicity reported in the literature for the MECP2
variants tested. In particular, the loss-of-function effect for MECP2"”" align with its
association with more severe phenotypes compared to MECP2"** which is instead linked to

milder clinical presentations (Wen et al., 2020).
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4.5Altered Visceral Muscle Function

Having established the vulnerability of skeletal muscles to MECP2 misexpression, we next
asked whether visceral muscles, which surround the gut are responsible for its motility, were
similarly affected. To address this, we expressed MECP2 using the Mef2 driver and evaluated

gut functionality using two complementary assays: gut clearance and gut peristalsis (Fig. 5A).

To assess gut clearance, we fed third-instar larvae a standard diet supplemented with a blue dye
and monitored the natural discharge of food over a 24-hour period, which normally precedes
pupariation. In control Mef2>GFP animals, nearly all larvae showed proper clearance,
transitioning from blue to pale-blue and ultimately white abdomens within 24 hours (Fig. 5B,
panels a—c; B’). In contrast, approximately 50% of Mef2>MECPZ2 larvae failed to discharge the
ingested blue food compared to nearly 100% clearance in control larvae (Mef2>GEP) (Fig. 5B,
panels d—f; B’). In several cases, dye retention persisted even after the formation of the pupal
cuticle, suggesting a failed food discharge. Similar but milder phenotypes in gut discharge

defects — due to the later onset expression — were observed with how24B driver (Fig. S3B).

Consistent with these findings, the peristaltic activity observed in dissected larvae was strongly
impaired in Mef2>MECP2 animals. Quantification of gut contractions per minute revealed a
dramatic reduction in contraction frequency compared to controls (Fig. 5C). Together, these
results demonstrate that MECP2 misexpression in muscles disrupts gut motility, leading to

food retention.

4.6 MECPZ2 Overexpression Impairs Visceral Muscle Fibers Organization

and Gut Structure
Following the observed defects in visceral muscle functionality, we next investigated whether
these impairments were associated with structural abnormalities in visceral muscle
organization. We first assessed the gross morphology of the gut, and morphometric analysis
revealed a significant reduction in gut length in Mef2>MECP2 larval guts compared to
Mef2>GFEP controls, while gut width remained unchanged, when compared to control guts
(Fig. 6A-B). These data indicate that a shortening of the intestinal tract that was not due to the
larval size, which on the contrary we found increased in Mef2>MECP2 animals, relative to

control (Fig. 2B).
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To examine visceral muscle fiber organization, we performed phalloidin staining and found
that approximately 60% of Mef2>MECPZ2 larval guts exhibited fragmentation of circular
muscle fibers while 0% of control guts showed this phenotype (Fig. 6C). We then extended the
analysis to adult visceral muscles using drivers specific for circular (Hand-GaM) and
longitudinal (Tey-Ga/4) fibers, both of which permit adult eclosion. MECP2 misexpression
under these drivers caused structural abnormalities compared to respective driver>GFP
controls: Tey>MECP2 resulted in reduced longitudinal fiber thickness (Fig. 6D), while
Hand>MECPZ2 led to disrupted, net-like patterning of visceral muscle fibers (Fig. 6E). In both

conditions, gut length was significantly reduced compared to controls (Fig. 6D’ E’).

These structural defects were not merely morphological, as Hand>MECPZ2 adults also
displayed impaired gut peristalsis relative to control adults (Fig. 6F), confirming functional

consequences.

Together, these findings demonstrate that MECP2 misexpression disrupts visceral muscle

architecture in both larval and adult stages.

4.7 Temporal Requirement of MECP2 Expression for Gut—Muscle
Phenotypes

To determine whether MECP2 misexpression affects visceral muscles specifically during their
developmental phase or also at later stages, we added to our genetic background a
temperature-sensitive repressor of Gal4 activity (Gal80”ts) (Fig. 7A,E). This manipulation

allows temporal control of MECPZ2 expression under the Mef2 driver.

We first induced MECP2 expression immediately after adult eclosion, a stage when the visceral
muscles have developed but are still immature. In this condition, we observed prominent gut
morphological alterations, including a marked increase in gut width with preserved length
compared to age-matched control adults (Fig. 7B), as well as disruption of muscle fiber
organization as visualized by phalloidin staining (Fig. 7C). These structural defects were

accompanied by significantly impaired gut peristalsis relative to controls (Fig. 7D).

In contrast, when MECP2 expression was delayed until five days after eclosion, a time when

visceral muscles are fully mature, no major macroscopic alterations were observed, except for a
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mild reduction in gut length compared to controls (Fig. 7F). Microscopic analysis revealed only

subtle disruptions in fiber organization relative to controls (Fig. 7G).

These findings indicate that MECP2 misexpression has a stronger impact during the
developmental phase of visceral muscle formation, while fully differentiated adult visceral
muscles are less vulnerable. This highlights a critical temporal window during which MECP2

expression must be tightly regulated to ensure proper muscle architecture and function.

4.8 The Fly Muscle Defects Associated with MECP2 Misexpression are

Tissue Autonomous
We next tested whether the functional defects observed in Mef2>MECP2 animals could also
arise when MECP2 is misexpressed in the nervous system. For this purpose, we overexpressed
MECP?2 using the pan-neuronal driver E/ar-Gal4. This was particularly relevant as E/ar-driven
expression had previously shown no lethality (Table 1), suggesting that neuronal misexpression
might have a limited impact compared to the severe muscle phenotypes described above.
Morphological analysis of skeletal muscle fibers confirmed the lack of muscle effects upon
neuronal misexpression. No significant differences were detected in the width/length ratio of
muscle 6 and 7 between Elav>MECP2 and controls (Fig.8A). Furthermore, gut clearance
assays showed no significant impairment of intestinal function in E/a>MECP2 animals

(Fig. 8B), in contrast with the profound defects seen with Mef2-driven expression (Fig.3B).

Finally, to address whether the movement defects previously reported (reduced larval motility
and adult climbing ability; Figures 3C-E) could be secondary to alterations in neuromuscular
junction (NM]) integrity, we analyzed NMJ morphology in Mef2>MECPZ2 larvae. No
significant differences were observed in neuronal branching, bouton number, or active zone
area compared to controls (Fig. 8C). These data demonstrate that MECP2 misexpression in
muscles does not disrupt NM]J structure and that the locomotor and visceral muscle
phenotypes we observed cannot be achieved autonomously by MECPZ2 misexpression in the

nervous systern.
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4.9 SCFA Supplementations: Beneficial Effects of Butyrate in MECPZ2-

Overexpressing Flies
Given the dual role of SCFAs as microbial metabolites and chromatin remodelers, we tested
whether dietary supplementation could modulate the phenotypes observed upon MECP2

misexpression in muscle (Fig. 9A).

To test the functional relevance of different SCFAs in our model, we first focused on
propionate (Fig. 9B), which is already present in Drosophila standard diet as a preservative due
to its antimicrobial properties, at a concentration of 0.7%. Increasing its concentration to 2.5%
led to a significantly reduced survival ratio in ¢/79>MECPZ2 animals compared to those reared
on either 0.7% or 0% propionate, between which no difference was observed. This suggests
that propionate, at higher levels, exerts a detrimental effect, possibly due to excessive depletion

of commensal microbes that contribute to endogenous SCFA production.

We next investigated whether supplementation with acetate or butyrate, including a butyrate-
rich supplement (Lalbaay®), could improve viability in flies expressing MECP2 under the
muscle-specific ¢779 driver. In the representative image of the vials (Fig. 9C), control animals
(¢179>GFP) on standard diet show normal development, with numerous adults accumulated at
the top of the vial. In contrast, vials with ¢779>MECP?2 flies raised on standard diet show a
dramatic developmental defect, with very few or no visible adults at the same time point.
Notably, all the supplemented conditions (acetate, sodium butyrate, and Lalbaay®) resulted in
improved eclosion compared to unsupplemented ¢779>MECP2 flies, visually evidenced by the
presence of emerged adults, especially prominent in the Lalbaay® and NaB groups. This
reflects a partial rescue of the developmental lethality. Quantification of adult survival at day 12
(Fig. 9C’) confirms these observations: although only butyrate reached statistical significance,
all three supplements increased adult viability compared to the unsupplemented condition.
Together, these results suggest that microbial-derived metabolites may alleviate the
developmental and survival defects caused by MECPZ2 overexpression in muscle. In line with
this, L.albaay® and sodium butyrate showed comparable effects, consistent with the fact that
the amount of butyrate was normalized between the two treatments. Acetate also showed a
mild beneficial effect, though to a lesser extent, supporting a SCFA-specific contribution to the

phenotype.
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Finally, to test whether Lalbaay® could improve developmental progression and muscular
function, we evaluated wandering behaviour in Mef2>MECPZ2 larvae, which fail to reach
pupation. Supplementation with Lalbaay® significantly improved wandering ability compared
to unsupplemented ¢779>MECPZ2 larvae (Fig. 9D), suggesting a positive impact on motor

function and/or overall larval health.

These findings highlight the key role of butyrate among SCFAs in rescuing MECP2-induced
muscle defects, likely through its epigenetic activity as an HDAC inhibitor. The comparable
effect of sodium butyrate and the butyrate-rich postbiotic Lalbaay®, at least on some of our
assays, further suggests a microbiota-mediated contribution to this beneficial outcome.
Importantly, Lalbaay® differs from pure sodium butyrate in that it represents a postbiotic
formulation, potentially linking its efficacy to microbiota-mediated delivery mechanisms rather

than direct metabolite supplementation alone.

4.10 Butyrate Rescues Morphological and Functional Muscle and Gut
Defects Involving Epigenetic Mechanisms

Thus, we decided to focus on butyrate and strikingly, we found that butyrate treatment

significantly restored skeletal muscle morphology in Mef2>MECP2 animals, increasing fiber

thickness in both abdominal muscle 6 and 7 (Figure 10A). In adults, climbing ability which we

found impaired in MECP2-overexpressing flies, was also rescued upon butyrate treatment

(Figure 10B). We next assessed visceral muscle function and found that butyrate

supplementation partially rescued both gut clearance and peristaltic activity (Figure 10 C-D).

To distinguish between the potential trophic effect of butyrate as a SCFA and the epigenetic
effect as a HDAC inhibitor (HDACI), we supplemented the diet with sodium valproate (VPA),
a broad-spectrum HDACi lacking nutritional properties. Remarkably, VPA recapitulated the
beneficial effects of butyrate, improving both developmental progression and survival

(Figure 10 E-F). These findings support the idea that butyrate exerts its effects primarily via
epigenetic rescue of altered deacetylation. While a potential trophic role of butyrate as an
SCFA cannot be excluded, the comparable effects of VPA strongly support HDAC inhibition

as the predominant mechanism.
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Altogether, these data suggest that the functional and structural defects caused by MECP2
misexpression in muscle tissue can be ameliorated by HDAC inhibition, highlighting a

potential therapeutic role for epigenetic modulators such as butyrate.

4.11 Exploring a MeCP2 Interactor: Preliminary Characterization of
PHF14/CG15439

Prompted by recent findings highlighting new MeCP2 interactors, we explored the potential
role of the Drosophila ortholog of PHF14, a gene implicated in a Rett-like neurodevelopmental
phenotypes. In a study by Zhou and colleagues, a missense mutation in human PHF74 was
identified in a patient with Rett-like features. Functional analyses revealed that this mutation
abolished the interaction between PHF14 and MeCP2, suggesting that the PHF14—TCF20
complex may contribute to MeCP2-related pathology (Zhou et al., 2022).

Drosophila melanogaster harbors an ortholog of PHF14, annotated as CG15439, which remains
functionally uncharacterized. To investigate its function, we tested two available RN A1 lines
targeting this gene (GD9021 and KK108167), driven by either a ubiquitous (Act5C-Gal4) or
muscle-specific (Mef2-Gal4) driver. Consistent with the lethality observed upon MECP2
overexpression using the Mef2 driver (Table 1), expression of the GID9021 RNAI line also
resulted in complete lethality under both ubiquitous and muscle-specific conditions, whereas
KK108167 did not induce detectable phenotypes, likely reflecting differences in RNAi

efficiency or insertion site between GD and KK lines.

To assess potential tissue-specific effects, we used the GMR-Gal4 driver, which is commonly
employed for eye-specific expression but also shows activity in other imaginal tissues, including
the wing disc (Li et al., 2012). No eye defects were observed, but nearly all animals analyzed (N
=~ 30) exhibited consistent wing malformations (Fig. 11A), reminiscent of phenotypes

previously reported upon MECPZ2 overexpression in neurons (Fig. 1B right panel).

To further characterize the role of CG15439 and generate genetic tools for interaction studies
with MeCP2, we performed imprecise excision of a P-element insertion located near the gene.
Progeny from crosses with a transposase-expressing strain were screened based on the loss of
eye pigmentation, and three candidate genotypes (A5, A6, and A7) were selected for molecular
validation (Fig. 11B). We subsequently expanded the mutant collection by including an

additional set of 22 potential excision lines for further screening and characterization.
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PCR analysis using primers flanking the insertion site revealed distinct band patterns: A6 and
A7 showed amplicons comparable to the parental line, consistent with possible excision of the
transposon or presence of small mismatches. In contrast, A5 retained a longer fragment,
suggesting partial retention of P-element sequences (Fig. 11C). Sequencing of PCR products
confirmed multiple mismatches near the excision site (Fig. 11D), consistent with insertion—
deletion events or small mutations. These data support the successful generation of candidate
alleles of CG75439, which may provide useful tools for future epistasis experiments and

modifier screens to test potential functional interactions between CG15439 and MeCP2 7 vivo.

59



5. Discussion

5.1 Reproducing Patient-like Muscle Defects in Drosophila
Clinical and epidemiological studies show that Rett syndrome (RTT) and MECPZ2-related

disorders commonly involve extensive musculoskeletal and gastrointestinal pathology (Brunetti
& Lumsden, 2020; Galan-Olleros et al., 2024; Motil et al., 2012). Mouse and other models
reproduce critical aspects of this peripheral phenotype: Mecp2-null mice show hypotrophic
fibers, fibrosis and altered IGF-1/Akt/mTOR signalling (Cont et al., 2015), while
heterologous MECPZ2 expression in Drosgphila produces anatomical and motor defects and

engages conserved chromatin-remodelling modifiers (Cukier et al., 2008; Vonhoff et al., 2012).

In our Drosgphila muscle-specific misexpression model we recapitulated several patient-relevant
features: strong developmental lethality with early (Mef2) drivers, overt larval/pupal arrest, clear
structural muscle abnormalities and impaired locomotor outputs in surviving larvae/adults.
Morphological analysis revealed mitochondrial alterations in muscle and disorganization of

intestinal tissues.

Together, the clinical literature and our Drosophila data strengthen the concept that MECP2
dysregulation yields peripheral muscle pathology that mirrors patient comorbidities. Our work
validates Drosophila as a tractable system to model peripheral MECP2 effects, to test genetic
modifiers identified in screens and to link molecular signatures (e.g., mitochondrial changes) to
organismal phenotypes. This supports the argument that studies of MECPZ2 should extend
beyond the CNS to include muscle and visceral compartments when seeking therapeutic

interventions.

5.2 Variant Interpretation and Genetic Value of the Drosophila Model
Given the clinical heterogeneity of MECP2 mutations, several studies have highlighted how
distinct variants differentially affect molecular function and phenotypic severity (Mietto et al.,
2025; Ortega-Alarcon et al., 2020; Yusufzai & Wolffe, 2000). In particular, missense mutations
in the MBD such as R106W impair DNA binding, whereas truncations like R294X disrupt
TRD, thus, transcriptional repression and protein stability, aligning with their classification as
functionally divergent alleles. Recent interpretative frameworks (E. Chen et al., 2025) propose

that variants acting as phenotype enhancers in overexpression assays retain pathogenic activity
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(gain-of-function), whereas those failing to reproduce reference phenotypes reflect loss of

function properties.

Our data fit within this scheme: consistent with the pioneering work of Cukier et al. (2008),
who first characterized the functional consequences of MECP2 variants in Drosgphila eyes, our
data confirm the pathogenicity of R106W and the relatively milder effects of R294X. In
particular, our findings expand these observations by systematically testing multiple tissues,
revealing that the impact of MECP2 variants is highly tissue-specific. While R106W
consistently acted as a loss-of-function pathogenic allele, R294X behaved predominantly as a
benign variant with occasional context-dependent toxicity, and A166 showed strong enhancing
effects outside the nervous system. These results therefore extend previous knowledge by
highlighting that MECP2 variant behaviour cannot be generalized but rather depends on the
tissue in which it is expressed (Cuddapah et al., 2014; Cukier et al., 2008; Jara-Ettinger et al.,
2021).

Although the Drosophila model may be viewed primarily as a genetic system rather than a fully
conserved functional homolog: as MECPZ2 is a dosage-sensitive gene where both loss (RTT)
and gain (MDS) produce overlapping phenotypes (Collins & Neul, 2022; Pascual-Alonso et al.,
2023), overexpression in flies provides a tractable entry point to interrogate variant
pathogenicity relevant to both syndromes. Overall, while requiring careful validation in
mammalian systems, our results illustrate that Drosophila genetic assays can functionally stratify
MECP?2 variants into loss- versus gain-of-function classes, thereby complementing mammalian
models and providing an efficient discovery platform for downstream mechanistic and

therapeutic studies.

One caveat is the low DNA methylation content in Drosgphila, which could limit modeling of
MeCP2 as a methyl-CpG binding protein. However, MeCP2 also binds unmethylated DNA
structures and regulates chromatin independently of DNA methylation (Galvio & Thomas,
2005; Hansen et al., 2010; Yakabe et al., 2008). Its high nuclear abundance and binding
dynamics (Meehan et al., 1992) indicate broader chromatin functions, consistent with our

ability to capture variant-specific effects in flies.
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5.3 Gain-of-Function versus Dominant-Negative Effects of Human

MECPZ2in Drosophila

Although we cannot fully exclude the possibility that overexpression of human MECPZ in
Drosophila may produce non-specific protein—protein interactions, multiple lines of evidence
suggest that this is not the case. In fact, previous studies have shown that human MeCP2
associates with chromatin and is phosphorylated at Ser423 in flies, interacts genetically with
conserved chromatin remodeling factors (osa, corto, trithorax) and with the Super Elongation
Complex (SEC, including AFF4), and requires an intact MBD to induce neuronal dendritic
defects (Cukier et al., 2008; Sonn et al., 2024; Vonhoff et al., 2012). Transcriptomic analyses
turther identify conserved target genes downstream of MeCP2 that are altered only upon
expression of wild-type, but not MBD-mutant hR106W MeCP2 (Williams et al., 2016). In our
muscle-specific model, overexpressed MECPZ localizes to nuclei of skeletal and visceral
muscles (Fig. 1D) and induces clear structural defects (Figure 4). These defects result in
lethality that depend on the MBD domain, as it is not observed upon expression of
MECP*"V | suggesting that these effects depend on chromatin regulation, rather than being
non-specific. Moreover, preliminary analyses of PHI14, a recently identified MeCP2 interactor
(Zhou et al., 2017), provide a tractable genetic entry point for future studies to probe direct
MECP?2 interactions in Drosophila. Collectively, these data suggest that the phenotypes
observed in our model are amenable to future mechanistic dissection through modifier and

epistasis approaches, and are possibly relevant to RTT.

5.4 Timing of MECPZ2 Expression: Windows of Vulnerability and

Experimental Control
Multiple studies demonstrate that timing of MECP2 expression is critical:
embryonic/transcriptional defects precede overt neurological symptoms in mouse models
(Bedogni et al., 2016). Reactivation or re-expression of Megp2 in symptomatic adult mice
produces robust morphological and functional recovery, demonstrating reversibility in murine
systems (Guy et al., 2007; Robinson et al., 2012). Drosophila provides powerful temporal control

(GAL4/GALS8Ots and refined expression cassettes) to separate embryonic, larval and adult
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effects, a major advantage for modelling regression and dissecting developmental versus

degenerative contributions (Meireles-Filho et al., 2014; Filho et al., 2014; Pfeiffer et al., 2010).

We exploited multiple muscle drivers (Mef2 - earliest; how24B - embryonic but later; ¢779 -
larval) and a Gal80ts adult-repression system to map the relationship between MeCP2 onset
and severity. Early Mef2-driven misexpression produced the most severe developmental
lethality and structural defects, whereas later or adult-restricted expression reduced lethality

and permitted adult phenotypes. These manipulations reveal a graded sensitivity to timing.

Our temporal dissection indicates that MeCP2 misexpression impacts muscle development
most strongly during early myogenic windows, consistent with the idea that developmental
impairment (rather than pure late degeneration) contributes substantially to the peripheral
phenotype. This interpretation is concordant with clinical observations that hypotonia and
gastrointestinal dysmotility are common early features in RTT patients (Baikie et al., 2014;
Motil et al., 2012), supporting the concept of a shared systemic window of vulnerability beyond
the CNS. Drosophila’s inducible toolkit therefore offers a unique opportunity to model patient-
like regression and to test whether late interventions can ameliorate established peripheral

deficits.

5.5 Tissue Autonomy: Muscle-Intrinsic vs Neuron-Dependent

Mechanisms
A long-standing question in the MECP2 field is whether muscle abnormalities arise from
muscle-intrinsic defects or from non-autonomous, neuron-dependent mechanisms. Mouse
studies generally support the latter: muscle-specific Megp2 deletion results in largely normal
muscle morphology and function, indicating that most skeletal muscle abnormalities in Rett
models are secondary to altered neuronal input or systemic dysregulation (Conti et al., 2015).
However, Ross et al. (2016) showed that some peripheral phenotypes, such as reduced
stamina, exercise intolerance and skeletal defects, persist even when neuronal Megp?2 is intact,
pointing to non-neuronal tissue-specific contributions. Complementary evidence from
peripheral and mesodermal tissues further supports this: Megp2 regulates mitochondrial genes
in fibroblasts through YY1-ANT1 repression (Forlani et al., 2010), perturbs cardiac

development and gene expression when overexpressed (Alvarez-Saavedra et al., 2010), and is
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required for proper cardiomyocyte differentiation, transcriptional identity and structural

integrity (Hara et al., 2015).

Human data may also point to an additional layer of complexity, suggesting possible species
differences in MECP2 dosage within muscle tissue. In mice, MECP2 levels in skeletal muscle
are reported to be very low—consistent with the relatively mild consequences of muscle-
specific Mecp2 deletion (Ross et al., 2016). In humans, by contrast, both RNA and protein
abundance appear higher in skeletal muscle according to the Human Protein Atlas, raising the
possibility that human muscle could be more sensitive to MECP2 perturbations. Although still
speculative, this difference in baseline expression might partly explain why peripheral MECP2

dysfunction could have a more pronounced cell-autonomous impact in humans than in mice.

In sheer contrast, our Drosophila results provide a clearer readout of muscle autonomy. Muscle-
specific MECP2 misexpression (Mef2>MECPZ2) induces robust structural and mitochondrial
defects, whereas neuron-directed expression (E/lw>MECP?) fails to produce comparable
muscular changes, and no signs of NMJ degeneration were observed. These results contrast
with the predominantly non-autonomous phenotypes seen in mice but are consistent with
models where MeCP2 dosage affects mesodermal tissues directly. The divergence likely reflects
species-specific differences in chromatin context, developmental compensation, and the degree
to which systemic or neuronal circuits mask tissue-intrinsic vulnerabilities. Thus, while mouse
data suggest that major muscle defects are largely neuro-dependent, both mammalian and
human evidence indicate peripheral MECP2 sensitivity, and our fly model unambiguously

demonstrates a muscle-autonomous pathogenic potential when MECP2 levels are perturbed.

5.6 Therapeutic Avenues: SCFAs, Nutrition, Microbiota And
Symptomatic Care

Clinical management of RTT remains largely symptomatic, with limited success from previous

metabolic trials, though emerging genetic therapies - such as adeno-associated virus-mediated

gene replacement, genome and RNA editing, and reactivation of the silent MECP?2 allele -

offer promising disease-modifying strategies supported by preclinical and eatly clinical studies

(Palmieri et al., 2023; Percy, 2002). Nevertheless, several limitations must be considered,

including dosage sensitivity, potential off-target effects, and challenges in achieving cell type—
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specific expression. On the other hand, growing evidence highlights the therapeutic potential
of SCFAs, which can modulate mitochondrial function, HDAC activity, and metabolic
signaling (Z. Gao et al., 2009; Hu et al., 2020; Rose et al., 2018). Gut microbiota studies in RTT
report altered composition and SCFA profiles, potentially contributing to gastrointestinal and
systemic symptoms (Borghi et al., 2017; Strati et al., 2016; Thapa et al., 2021). Clinical
guidelines for constipation favor established laxative strategies, while evidence for routine
probiotic use remains limited (Bautista-Casasnovas, 2011; Vale San Gomes & de Morais,

2020).

In our Drosgphila model, SCFAs interventions partially rescued skeletal muscle morphology and
visceral muscle functionality, providing a mechanistic link between SCFA exposure and muscle
deficits in MECPZ disorders. Comparative analysis further revealed that high propionate
exacerbated lethality in ¢779>MECPZ flies, whereas sodium butyrate and a butyrate-rich
postbiotic (Lalbaay®) improved eclosion and wandering behaviout. This suggests an
involvement of the microbiota, as propionate may act as an antibacterial agent in this context
and can be neurotoxic at high concentrations, potentially causing symptoms such as lethargy,
abnormal behaviour, and motor impairments, whereas butyrate promotes a healthy microbiota
(X. Chen et al,, 2025). These findings align with a broader range of microbiota-targeted
interventions - including probiotics, prebiotics, synbiotics, and postbiotic formulations—that
aim to modulate microbial communities and leverage SCFA-mediated benefits for host

physiology (Loh et al., 2024; Mirzaei et al., 2021; Sherwin et al., 2018).

Finally, emerging clinical studies are beginning to translate these concepts. A recent single-
center, randomized, cross-over trial (NCT05420805) is testing pre- and postbiotic
supplementation in RTT patients carrying MECP2 mutations, using two commercial products
(Lalbaay Monofasico® and Bizetaflox Pediatrico®) containing SCFA-related components such
as alpha-lactalbumin and butyric acid. Outcomes include intestinal inflammation, seizure
frequency and severity, and overall quality of life. Together with our preclinical results, these
developments highlight the translational potential of SCFA-based strategies, suggesting that
modulation of the microbiota—gut—brain axis may represent a novel therapeutic avenue in

RTT.
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Notably, the gut—brain axis involvement in RTT appears to share commonalities with other
neurodevelopmental disorders such as autism and Down syndrome (Borghi & Vignoli, 2019),
underscoring the relevance of microbiota reshaping strategies - via diet, pre/probiotics or
postbiotics - for systemic and neurological manifestations (Borghi et al., 2017; Ivy &
Standridge, 2021).

5.7 Epigenetic Rescue of MECP2-associated Peripheral Defects

Histone deacetylase inhibitors (HDACi), including short-chain fatty acids such as butyrate and
valproic acid (VPA), have shown promising therapeutic effects across neurodevelopmental and
neuromuscular disease models by modulating gene expression through epigenetic mechanisms
(Berni Canani et al., 2012; Ferrante et al., 2003; Kilgore et al., 2010; Monti et al., 2010). In
MeCP2-deficient 7 vitro systems, HDAC inhibition via VPA increases the expression of
MeCP2 and its downstream target proteins, including BDNF and chromatin remodeling
factors (Vecsler et al., 2010). In the 7z vivo mice model for Duchenne Muscular Dystrophy, the
HDAC I givinostat (ITF2357) provided functional and histological rescue by promoting the
formation of muscles (increased cross-sectional area, reduction of fibrotic scars, fatty
infiltration, and inflammatory infiltrate) and resulting in an overall enhancement of endurance
performance during treadmill tests, thereby providing the preclinical basis for immediate

translation into clinical studies (Consalvi et al., 2013).

In our Mef2>MECP2 Drosophila model, VPA supplementation, similarly to NaB
supplementation, partially rescued developmental delay and lethality. Since VPA lacks the
metabolic impact of butyrate, these results suggest that butyrate’s rescue of muscle phenotypes
is mediated via HDAC inhibition, modulating transcriptional networks essential for muscle
differentiation, maturation, and systemic development, and complementing metabolic

interventions.

The convergence of these preclinical findings and our rescue data highlights HDAC inhibition
as a mechanistically plausible therapeutic avenue for MECP2 disorders. Future translational
studies should integrate epigenetic biomarkers - such as HDAC activity, histone acetylation
patterns, and target gene expression - alongside functional endpoints, to systematically evaluate

petipheral benefits of SCFA and VPA interventions in RTT.
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5.8 Energetic and Mitochondrial Defects: Historic and Contemporary

Evidence
Ultrastructural mitochondrial abnormalities in RTT muscle were reported decades ago
(dumbbell/swollen mitochondtia; Cardaioli et al., 1999; Eeg-Olofsson et al., 1988; Wakai et al.,
1990). Contemporary studies confirm functional mitochondrial defects in Mecp2 models
(reduced complex activities, oxidative stress; Gold et al., 2014; Kriaucionis et al., 2006), and

large-scale proteomics reveal systemic metabolic derailment (Cortelazzo et al., 2017; Zlatic et

al., 2024) .

Considering the critical role of mitochondria in sustaining muscle function, we analyzed
structural and functional features in our MECP2-overexpressing Drosophila model
(Mef2>MECP2). Transmission electron microscopy of body wall muscles revealed increased
mitochondrial number and frequent cristae abnormalities, while locomotor assays and gut
clearance/peristalsis tests showed impaired skeletal and visceral muscle performance,
consistent with energy deficits. These data support the hypothesis that altered bioenergetics

contributes to peripheral muscle dysfunction in MECPZ2 disorders.

The convergence of historical biopsy reports, model-based functional data and our molecular
profiles indicate mitochondrial dysfunction as a targetable component of MECP2 peripheral
pathology. Interventions that enhance mitochondrial biogenesis/function (e.g., butyrate-related
pathways) merit prioritized preclinical-to-clinical translation, with standardized energetic

biomarkers incorporated as endpoints.

An open question is whether SCFA supplementation, beyond improving muscle morphology,
could directly restore mitochondrial integrity and function, linking metabolic and epigenetic

rescue mechanisms.

5.9  Genetic Interactions and the Utility of PHF14 in Drosophila

MeCP2 functions within chromatin regulatory networks; genetic modifier screens in Drosophila
have identified conserved interactors (osa, Sin3a, REST) and suggest practical conservation
despite absence of a direct fly ortholog (Cukier et al., 2008; Gupta et al., 2016; Vonhoff et al.,
2012). PHF14 is a critical component of the MeCP2-interacting chromatin regulatory complex

that also includes TCF20, RAI1, and HMG20A (Dominguez et al., 2024). This complex is
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essential for epigenetic and transcriptional regulation in the mammalian brain and is disrupted
by Rett-causing MECP2 mutations, underscoring its direct involvement in neurodevelopmental
pathogenesis. In particular, a missense mutation in PHF14 has been identified in a patient with
Rett-like neurological features, which abolished the MeCP2-PHF14-TCF20 interaction (Zhou
et al., 2022).

In this context, we investigated the uncharacterized Drosophila ortholog CG15439. RNAI-
mediated knockdown revealed strong phenotypic effects with one line causing lethality under
ubiquitous and muscle drivers, and wing malformations under GMR control, while a second
RNAI line remained phenotypically silent, likely reflecting differential knockdown efficiency.
To expand the available toolkit, we generated imprecise excision alleles at the CG15439 locus,

recovering candidate mutants with insertion—deletion events validated by sequencing.

These genetic resources set the stage for future epistasis experiments aimed at probing
potential CG15439—-MeCP2 interactions. The combination of overexpression and mutant
designs in Drosophila offers a tractable framework to explore such relationships, providing rapid
organismal readouts and opportunities for mechanistic follow-up. Although ultimate validation
will require mammalian systems, the conserved chromatin machinery and established modifier

logic underscore the utility of Drosophila as a discovery platform.

Future directions include testing isoform-selective HDAC inhibitors, detailed mitochondrial

rescue assays, and systematic epistasis screens with our new PHF14 alleles, which may clarify
the role of the PHF14-TCF20-MeCP2 complex in Rett and Rett-like syndromes (Zhou et al.,
2022).
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6. Conclusions

Our study establishes Drosophila as a powerful system to model peripheral consequences of
MECP2 dysregulation, capturing key features of patient pathology such as muscle defects,
visceral involvement, and mitochondrial abnormalities. Through temporal and tissue-specific
misexpression, we demonstrated that developmental timing critically shapes phenotype severity
and that muscle-autonomous mechanisms contribute alongside potential systemic influences.
Variant analyses further revealed distinct behaviours of clinically relevant alleles, supporting the
utility of flies for functional stratification. Importantly, rescue by short-chain fatty acids,
valproic acid, and postbiotic supplementation highlights the potential of metabolic and
epigenetic interventions to ameliorate peripheral defects, providing mechanistic links to
emerging microbiota—gut—brain axis therapies in RTT.

Despite limitations - including ectopic expression patterns, low endogenous DNA methylation,
and the need for mammalian validation - our findings underscore the value of flies for rapid
genetic dissection and for preclinical exploration of therapeutic strategies. Future directions
include isoform-selective HDAC inhibitors, detailed mitochondrial rescue assays, and epistasis
screens with PHIF14 alleles to clarify conserved chromatin interactions. Together, these
insights reinforce the concept that MECPZ2 pathology extends beyond the CNS and that
combined genetic, metabolic, and microbiota-targeted approaches may yield novel avenues for

therapy.
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Fig. 1Validation of MECPZ2 overexpressing Drosophila model for MECPZ2-related diseases. (A) Schematic of the UAS-GAI4 system and tissues targeted for MECP2 expression.
(B) Eye roughness phenotype induced by MECP2 WT overexpression under GMR-GAL4 driver (N=100); quantification of wing defects and penetrance using D42-GAL4 (N=15). (C)

GFP fluorescence showing larval expression pattern of the indicated muscle drivers in skeletal and visceral muscles. (D) Immunostaining of nuclei with DAPI (blue) and MeCP2 (white)

in larval body wall muscles (left) and gut (right). The arrows indicate the colocalization of MeCP2 with the muscle cells nuclei.
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Fig. 2 Developmental lethality and morphological phenotypes upon MECPZ2 misexpression in muscle. (A) Bar graph showing the proportion of animals arrested at different
developmental stages at 12 days after egg laying (AEL), for each genotype. All bars represent 100% of individuals scored per genotype. In Mef2 > GFP (control), all animals reached
adulthood (green). In Me¢f2 > MECP2, animals were arrested predominantly at the larval (blue) and early pupal stages (purple). In how24B > MECP2, animals mostly arrested at the late
pupal stage (pink), with a smaller fraction at the early pupal stage (purple). (B) Representative images of five individual larvae per genotype and related quantification of length and width

in B’. (C) Representative images of three pupae per genotype and percentage of the misshape phenotype indicated as the mean of the percentage of three independent biological

replicates.
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Fig. 3 MECP2 misexpression in muscle impairs skeletal muscle morphology, mitochondrial integrity, and motor function. (A) Immunofluorescence images of larval body wall

muscles in control flies. Left: low magnification (4X) showing the segmented pattern of the larval body wall (segments A1-A7). Right: higher magnification (10X) highlighting segments

A6 and A7, with reference muscles 6 and 7 indicated. (B) Phalloidin staining of reference muscle 6 in M¢f2 > MECP2 and control larvae. MECP2 misexpression leads to reduced muscle

thickness. (B") Quantification of muscle 6 thickness. Data represent mean + SD; individual data points are shown. (C=F) Functional assays in larvae. (C) Crawling speed and (D) larval

wandering ability are significantly reduced in Mef2 > MECP2 compared to controls. For the larval crawling each point represents a larva while for the wandering ability each point is the

average of 30 pupal case. Schematic illustrations of the assays are shown on the left; quantification on the right. (E) Schematic of the climbing assay for adult muscle phenotypes observed

upon late-onset misexpression of MECP2 using the ¢779 muscle driver. (E’) Progressive impairment in climbing ability is observed at 5, 10, 20, and 30 days post-eclosion (dpe). Each

point represent the average of technical replicates quantifying the ratio of larvae overcoming a 7 cm height after 10 s. Genotypes used: ¢779 > MECP2 and ¢179 > GFP as control. Data
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represent mean £ SD from multiple replicates. (E”) Quantification of ¢779 > MECP2 adults exhibiting mechanically induced myoclonic seizures upon stimulation. (F) Transmission
electron microscopy (TEM) images of L3 larval body wall muscles from control (Mef2>GEFP) and MECP2-overexpressing (Mef2>MECP2) Drosophila. Individual mitochondria are
indicated by the label “mit”. Scale bar: 500 nm. (F') Quantification of mitochondrial number per muscle section and percentage of mitochondria with altered cristae. Morphometric

analysis was performed on 20 alignhed TEM micrographs per genotype (magnification 20k), from three biologically independent samples (N = 3).
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Fig. 4 MECP2 mutant phenotypes in Drosophila (R106W, R294X) (A) Schematic representation of the MeCP2 protein (WT and mutant forms), showing the location of RTT—

93



associated mutations R106W, R294X. The two main functional domains - MBD and TRD - ate indicated and color-coded consistently with subsequent panels. (B) 100% stacked bar
chart showing the proportion of animals at each developmental stage (larvae, eatly pupae, late pupae, adults) at 12 days AEL for each genotype (IN=30; single experiment). (C)
Representative images of three early pupae selected at different time points due to the developmental delay (around 7 days AEL for GFP and R106W and after 10 days AEL for WT and
R294X). Scale bar: 1 mm. (C’) Quantification of pupal length for the indicated genotypes. Bars denote mean * SD across replicates (N=50). (D) Eye roughness phenotype induced by
MECP2 WT and mutants overexpression under GMR-GAL4 driver (N=100). (E) Confocal images of larval body wall muscles stained with phalloidin (green) and DAPI (blue), showing

muscle morphology alterations upon MECP2 expression. Scale bar: 150 um.
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Fig. 5 MECP2 overexpression in muscle impairs intestinal function in Drosophilalarvae. (A) Schematic overview of the experimental setup. Larvae are obtained from genetic
crosses and raised from the embryonic stage on food supplemented with bromophenol blue. At the wandering 1.3 stage, larvae displaying a blue gut were selected for two functional
assays: gut clearance and gut peristalsis. The gut clearance assay is illustrated aside through representative images of the same Petri dish at three different time points and quantified as shown

in B’. The peristalsis assay (right) shows the larval gut and the region where the number of peristaltic contractions were quantified per minute. (B) Representative brightfield images of

95



larvae at different time points: TO (a-d), T1 (b-e) and T2 (c-f) of the indicated genotypes (B") Quantification of gut clearance over time. The percentage of larvae retaining blue dye was
measured at several time points after picking. Control larvae (gray line) progressively cleared the dye, reaching nearly 0% at 24 hours, whereas MECP2-overexpressing larvae (blue line)
retained blue coloration (~50%). Data are expressed as mean + SEM. Approximately 30 larvae were analyzed per experiment, across ~9 independent experiments. Statistical analysis
indicates no significant differences up to 6 hours post-picking, followed by significant differences at 8 and 24 hours. (C) Gut peristalsis is reduced in MECP2-overexpressing larvae.

Scatter plot showing the number of peristaltic contractions per minute in individual animals. Each dot represents one larva.
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Fig. 6 MECPZ2 overexpression impairs visceral muscle fibers and gut structure. (A) Schematic illustrating MECP2 expression under the Mef2 driver throughout larval development,
resulting in lethality during the larva-to-pupa transition. (B) Brightfield images of dissected larval guts from the indicated genotypes. (B') Quantification of gut length and width of the
indicated genotypes. Each point represent a gut. (C) Confocal images of larval guts stained with phalloidin to visualize visceral muscle fibers. The percentage of affected larvae (phenotype
penetrance) is indicated. larvae per genotype. (D) Confocal images of adult guts stained with phalloidin under Tey>MECP2 and control conditions. Phenotype penetrance is indicated

(N= 15). (D") Quantification of gut length and width in Tey> MECP2 and control adults (N= 15). (E) Confocal images of adult guts stained with phalloidin in Hand>MECP2 and control
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animals. Phenotype penetrance is indicated (N = 15). (E') Quantification of gut length and width in Hand>MECPZ2 and control adults (N = 15). (F) Number of peristaltic contractions

per minute in adult guts of the indicated genotypes. Each point represents a gut.
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Fig. 7 Temporal requirement of MECPZ expression for gut—-muscle phenotypes (A) Schematic representation of the TARGET system used to temporally control MECP2
expression under the Mef2-GAL4 dtiver. The temperature-sensitive GAL80"ts reptessor blocks GAL4 activity at 18 °C and allows MECP2 expression at 29 °C. (B) Brightfield images of
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dissected guts from adult flies with MECP2 induced immediately after eclosion (early induction). (B") Quantification of gut length and width under early induction (n = 15). (C)
Phalloidin stained visceral muscles under early MECP2 induction. (D) Quantification of peristaltic contractions in the eatly induction condition (n = 15). (E) Schematic illustrating the
late induction paradigm, in which MECP2 expression is activated five days after eclosion, once visceral muscle development is complete. (F) Quantification of gut length and width in

flies with late MECP2 induction (N = 15). (G) Representative confocal images of phalloidin-stained guts under late induction (N = 15).
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Fig. 8 The fly muscle defects associated with MECP2 misexpression is neurologically independent. (A) Confocal images of larval body wall muscles (I3 stage) stained with
Phalloidin (green) and DAPI (blue). Scale bar, 50 um. (A") Quantification of muscle thickness (width/length ratio) in muscles 6 and 7 across abdominal segments A1-A3. (B) Gut
clearance assay in control and MECP2-expressing larvae. N=30 larvae per genotype are analysed. (C) Confocal images of larval neuromuscular junctions stained for Phalloidin (green),

DAPI (blue), neuronal matker (red), and active zones (white). Scale bar, 50 um. (C") Quantification of neuromusculat junction (NM]J) branching, bouton number, and active zone density.
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Fig. 9 SCFA supplementations: beneficial effects of butyrate in MECPZ2-overexpressing flies (A) Schematic of the dietary supplementation protocol, indicating the concentrations
used and the genotypes analyzed. (B) Scatter plot showing the sutvival ratio for the progeny of the cross ¢779>MECP2 (expetimental) versus ¢779>RFP (control), under standard diet
(SD 0.7% propionic acid) or propionic acid (PA) depleted diet (0% PA) or PA-supplemented (2.5% PA). The survival ratio was calculated as the observed vs. expected ratio of progeny
for each genotype, based on Mendelian expectations due to the use of a balancer chromosome. For normalization, the average survival of the control (¢779 > RFP) was set to 1 in each
condition. Each dot represents one biological replicate (N = 80 animals per replicate). (C) Representative images of Drosophila vials at 12 days after egg laying. Crosses were performed
with synchronized egg laying, same number of parental flies, and equal amounts of food. The images show the adult progeny resulting from each cross and dietary condition. (C')
Quantification of survival ratios from three independent biological replicates under different dietary conditions (IN = 80 animals per replicate): butyrate-supplemented diet (20mM NaB),

equimolar Lalbaay treatment (containing the same NaB concentration), and acetate at 0.75% (0.75% AcOH). Data are normalized as in panel A. (D) Scatter plot showing pupal height (in
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mm) as a readout of locomotor ability in animals expressing MECP2 under the control of the muscle-specific Mef2-G.AILA4 driver (Mef2 > MECP2) compared to control (Mef2 > GFP).

Each dot represents a single pupa; data from three independent crosses are pooled.
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Fig. 10 Butyrate rescues morphological and functional muscle and gut defects involving epigenetic mechanisms. (A) Confocal images of larval body wall muscles (muscles 6

and 7) stained with Phalloidin (green) and DAPI (blue). Scale bar: 150 um. (A') Quantification of muscle aspect ratio (width/length) in the indicated genotypes. (B) Climbing assay in

adult flies after NaB supplementation. Performance was assessed at 5, 10, 20, and 30 days post-eclosion (dpe). Left: schematic of the assay design. (C) Gut clearance assay in NaB-fed

larvae. Mean and SEM are plotted for five independent biological replicates. A significant improvement is observed in MECP2-overexpressing animals treated with NaB compared to

standard diet (**, p < 0.01). (D) Quantification of peristaltic waves per minute in larvae of the indicated genotypes. The average of three animals per biological replicate (n = 5) was used.

(E) Effect of NaB and valproic acid (VPA) supplementation on larval developmental progression. Pupation rate was calculated as the percentage of pupae over total larvae 5 days after
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egg laying (AEL) from three independent replicates. (F) Viability is expressed as the percentage of pupae reaching adulthood. Each dot represent the average lethality calculated on

animals from a single independent vial.
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Fig. 11. Exploring a MeCP2 Interactor: Preliminary Characterization of PHF14/CG15439. (A) Representative images of adult Drosophila wings from GMR > RFP control (left)
and GMR>CG15439-RNA: (GD9021) animals (right). An inset shows a magnified view of the disrupted wing phenotype observed upon CG15439 knockdown. Approximately 30 animals
were analyzed, all displaying wing abnormalities of variable severity. (B) Schematic representation of the strategy used for generation of CG15439 mutants by imprecise excision of a P-
element insertion. The cartoon also illustrates the intended application of the generated lines for future genetic interaction studies with MeCP2. (C) PCR analysis of genomic DNA

extracted from larvae of four genotypes — yw, A5, A6, and A7 - selected based on the absence of eye pigmentation. Primers were designed ~100 bp upstream and downstream of the P-
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element insertion site. The gel shows that line A5 retains a larger band suggestive of a partial P-element fragment, whereas A6 and A7 display shorter products indicative of more complete
excision events. (D) Example of sequencing analysis of line A7, visualized using Benchling software. Mismatches highlighted in red mark sequence alterations at the excision site,

supporting the successful generation of a CG15439 putative mutant alleles.
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Fig S1. The UAS-MECP2 line does not display a leaky effect. (A) Confocal images of body wall muscles comparing the negative control (Mef2>GFP), the overexpressing line
(Mef2>MECP?2), and the UAS responder alone (UAS-MECP2), all stained with phalloidin (grey). Scale bar: 150 um. (B) Quantification of the width/length ratio of segments A1-A3 of

reference muscles 6 and 7 across the indicated genotypes. Each point represents the average ratio of the measured segments within each sample.
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Fig. S2. Temporal expression of c179>GFP and Mef2>GFP in Drosophila embryos and larvae. Immunostaining of synchronized embryos with anti-GFP (green) to detect
transgene expression, anti-FasIII (red) to label cell membranes, and DAPI (blue) to visualize nuclei.(A) Representative Mef2>GEP embryo, highlighting skeletal muscles (white arrow). (B)
Same Mef2>GFP embryo as in (A), shown in a different focal plane to highlight visceral muscles (white arrow). N=50 (C) Representative ¢779>GFP embryo; no GFP signal is detectable
at this embryonic stage, only FasIII marks skeletal and visceral muscles (white arrows). N=50 (D, F) Representative ¢779>GFP 1.3 larvae, showing endogenous GFP fluorescence in

skeletal and muscles respectively, indicating that ¢779 expression begins at the larval stage.
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Fig. 83. (A) Mouth hook contractions in third-instar larvae. Each column represents the mean number of body-wall contractions per minute for five larvae of each replicate, with
individual points representing single larvae of the indicated genotypes (N = 4 biological replicates per genotype). Data are presented as mean + SEM. (B) Gut clearance assay with
how24B-GAL4 driver. Quantification of gut clearance over time. The percentage of larvae retaining blue dye was measured at several time points after picking. Control larvae (green line)
progressively cleared the dye, reaching nearly 0% at 24 hours, whereas MECP2-overexpressing larvae (blue line) retained blue coloration (~50%). Data are expressed as mean £ SEM.

Approximately 30 larvae were analyzed per experiment, across 4 independent experiments. Statistical analysis indicates no significant differences up to 6 hours post-picking, followed by

significant differences at 24 hours.
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Initium sapientiae timor Domini (Psalm 111:10)



