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Abstract

Rett syndrome (RTT), an X-linked neurodevelopmental disorder predominantly arising from de novo
MECP2 mutations, manifests with psychomotor regression, stereotypic hand movements, gait
apraxia, and expressive aphasia, driven by dosage-sensitive epigenetic dysregulation via MeCP2’s
methyl-CpG-binding domain (MBD) and transcriptional repression domain (TRD). Isoform-specific
expression (MeCP2-E1 neuronal predominance) and X-chromosome inactivation mosaicism
underpin phenotypic variability, with missense (R133C, T158M) and nonsense (R168X, R255X)
variants correlating to severity gradients. Multisystem pathophysiology encompasses brainstem-
mediated respiratory dysrhythmias, QTc prolongation via ion channel perturbations, enteric
hypomotility, osteopenic fractures, and mitochondrial bioenergetic deficits, exacerbated by glial-
neuronal crosstalk and oxidative stress. Preclinical platforms, including Mecp2-null rodents, patient-
derived iPSCs, and cerebral organoids, elucidate synaptic hyperexcitability, dendritic arborization
deficits, and reversibility upon Mecp2 reactivation. Therapeutic modalities span supportive
multidisciplinary interventions, FDA-approved trofinetide (IGF-1 analog modulating neurotrophic
cascades), AAV-mediated gene replacement (NGN-401, TSHA-102 with miRARE autoregulation),
ASOs for dosage normalization, and emerging PPAR-y agonists targeting metabolic homeostasis.
Prioritized research agendas emphasize validated biomarkers (BDNF/IGF-1 axes, miRNA
signatures), combinatorial regimens, and equitable global access to mitigate caregiver burden and
phenotypic heterogeneity.

Keywords: MECP2 mutations; epigenetic dysregulation; neurodevelopmental disorder; multisystem
pathophysiology; precision therapeutics
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1. Introduction

Rett syndrome (RTT) is a rare, X-linked neurodevelopmental disorder that predominantly
affects females, with a global prevalence of ~1 in 10,000 live female births, and is among the most
common causes of complex disability in females [1-3]. Affected individuals exhibit apparently
normal psychomotor development during the first 6-18 months, followed by regression in motor,
cognitive, and social abilities, characterized by loss of purposeful hand use, emergence of stereotypic
hand movements (wringing, clapping, or mouthing), gait abnormalities, and severe expressive
language impairment. Atypical variants display milder or variable symptoms, sometimes retaining
speech or ambulation [1,3]. Epidemiological data indicate that RTT occurs sporadically in most cases,
with de novo MECP2 mutations accounting for over 95% of classic cases; males are rarely affected
and usually present with severe neonatal encephalopathy due to hemizygosity, though survival is
possible in some cases with somatic mosaicism [3,4]. The mutational spectrum of MECP2 is broad,
encompassing missense, nonsense, frameshift mutations, and large deletions, and X-chromosome
inactivation mosaicism contributes to phenotype variability [2—4]. Landmark studies in mice show
that reactivation of a silent MECP?2 allele can reverse symptoms, highlighting therapeutic potential
[1,2,5]. Diagnosis is primarily clinical, based on revised consensus criteria requiring regression plus
four core features—loss of purposeful hand use, loss of spoken language, hand stereotypies, and gait
abnormalities—along with supportive features such as breathing disturbances, sleep disruption,
scoliosis, growth retardation, and diminished pain sensitivity; genetic confirmation via MECP2
sequencing is recommended, though ~5-10% of clinically diagnosed cases lack detectable mutations,
potentially involving CDKL5 or FOXG1 in atypical forms [3,5-7]. The natural history, defined by
longitudinal studies including the RTT Natural History Study (RNHS), follows four stages: early
developmental stagnation (6-18 months), rapid regression (14 years), pseudo-stationary phase (2—-
10 years), and late motor deterioration (beyond 10 years), with seizures affecting ~80% of individuals,
often refractory, and median survival into the fifth decade, though sudden unexpected death
accounts for ~20-30% of reported fatalities, primarily due to autonomic dysfunction [3,5,8,9]. RTT is
associated with severe intellectual disability and profound deficits in language and motor skills, yet
it is not classically degenerative, as many patients enter a prolonged “plateau” stage post-regression
[1,3]. RTT exhibits functional compromise with preserved circuit plasticity; however, late motor loss
reveals compounded network pathology, secondary orthopedic complications, and immobility —not
intrinsic neurodegeneration. While traditionally considered a neuron-centric disorder, evidence
indicates RTT is a multi-system disease, with MECP2 deficiency producing systemic morbidity by
affecting autonomic, cardiac, gastrointestinal, musculoskeletal, endocrine, sensory, and sleep
systems; complications include autonomic dysregulation, cardiac arrhythmias (QTc prolongation),
gastrointestinal dysmotility affecting ~80% of patients, osteopenia, scoliosis in ~75%, growth failure,
delayed puberty, and sensory disturbances, with ~70% of mortality attributed to non-neurological
causes [1,2,5]. Molecular studies reveal altered lipid and mitochondrial metabolism, oxidative stress,
and energy homeostasis deficits in peripheral tissues, and non-neuronal brain cells (astrocytes,
microglia, oligodendrocytes) contribute to CNS and systemic pathology, indicating complex
intercellular interactions [1,2,4-6,10,11]. Preclinical models, including mouse and patient-derived
iPSC systems, together with multi-omic profiling, provide mechanistic insights and facilitate
biomarker identification. Therapeutic strategies encompass supportive care, the first approved
pharmacotherapy, trofinetide, gene therapy approaches including reactivation of silent MECP2
alleles, antisense oligonucleotides, and small molecules targeting downstream pathways; early
intervention prior to plateau stages may maximize reversibility, as evidenced in adult mouse studies
[1,2]. Comprehensive management addressing both neuronal and peripheral deficits is critical for
optimizing outcomes, and ongoing research prioritizes disease modification, quality-of-life
improvement, and equitable global access to care.
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2. MECP2: Molecular Biology, Isoforms, and Genetics
2.1. Gene Structure, Isoforms, and Transcriptional Regulation

The MECP2 gene (methyl-CpG-binding protein 2) is located on the X chromosome at position
Xg28 and spans approximately 76 kb across four exons. It encodes a highly abundant chromatin-
associated protein that binds methylated CpG dinucleotides, acting as an “epigenetic reader” and a
global regulator of gene expression. Alternative splicing of MECP2 generates two major mRNA
transcripts, MECP2-E1 and MECP2-E2, which translate into the protein isoforms MeCP2-E1 and
MeCP2-E2. MeCP2-E1 arises from exons 1, 3, and 4 and encodes a 492-amino acid protein, while
MeCP2-E2 includes exons 2—4 and encodes a 486-residue protein. These isoforms differ only in their
N-terminal sequences but are differentially regulated: MeCP2-E1 is the predominant isoform in
neurons, whereas MeCP2-E2 is more abundant in glial and peripheral cells. Recent single-cell
transcriptomics indicate that MeCP2-E1 accounts for over 90% of neuronal MECP2 expression,
whereas MeCP2-E2 predominates in non-neuronal tissues [5,10,12,13]. Isoform-selective dosing,
therefore, represents an important consideration for therapeutic design.

Both isoforms share the methyl-binding domain (MBD) and the transcriptional repression
domain (TRD). The MBD enables binding to methylated DNA, while the TRD recruits co-repressor
complexes, including Sin3A and histone deacetylases (HDACs), to mediate transcriptional
repression. MeCP2 also participates in chromatin looping, alternative splicing, microRNA regulation,
and RNA processing, and its activity is dynamically modulated by post-translational modifications
such as phosphorylation at S421, which enables activity-dependent regulation [2,14,15].

2.2. Expression Patterns and Systemic Role

MECP2 expression is highest in the central nervous system (CNS), particularly in neurons,
where its abundance rivals that of histones, reflecting the critical requirement for precise gene
regulation in neuronal plasticity. Expression peaks postnatally during synaptogenesis but is also
detectable at lower levels in peripheral tissues, including heart, lung, kidney, muscle, gut, and
immune cells [14,16]. Proteomic studies indicate that MeCP2 stabilizes nucleosomes and facilitates
long-range gene interactions, supporting a systemic role beyond neurons. This broad expression
pattern is consistent with RTT being a multisystem disorder, with non-neuronal cell types (astrocytes,
microglia, oligodendrocytes) and peripheral organs being directly affected by MeCP2 deficiency
[15,17,18]. As shown in Figure 1, MeCP2 expression is predominantly enriched in the cerebral cortex
and hippocampus, with moderate levels in the cerebellum and brainstem, while peripheral organs
such as the lung and spleen show higher expression compared to the liver and intestine.
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Comparative distribution of MeCP2 across human organs
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Figure 1. Distribution of MeCP2 gene expression across CNS regions and peripheral organs. The gradient bar
denotes relative intensity, with darker shades indicating higher expression. MeCP2 expression is enriched in the
cerebral cortex and hippocampus, with moderate levels in the cerebellum and brainstem. In peripheral tissues,
higher expression is observed in the lung and spleen, whereas comparatively lower levels are detected in the

liver and intestine.

2.3. Functional Role and Dosage Sensitivity

MeCP2 functions as a dosage-sensitive transcriptional regulator, capable of both repressing and
activating gene expression. Gene repression occurs via MBD-mediated DNA binding and
recruitment of co-repressors, while transcriptional activation can involve binding to non-CG
methylated DNA and recruitment of activators such as CREB. MeCP2 regulates neuronal gene
networks, including BDNF, and affects metabolic homeostasis. Both deficiency and overexpression
are pathogenic; expression control is therefore critical in all gene-targeting strategies. Loss-of-
function mutations cause RTT, whereas duplications or triplications of the MECP2 locus lead to
MECP2 duplication syndrome (MDS), characterized by hypotonia, intellectual disability, autism, and
epilepsy, primarily in boys [10,17,19].

2.4. MECP2 Mutations and Genotype—Phenotype Correlations

MECP2 mutations are the primary cause of classic RTT, with over 95% of typical RTT cases
harboring loss-of-function variants. Most mutations are de novo, though hotspots exist at CpG
dinucleotides. Common recurrent mutations include missense changes (R106W, R133C, T158M),
nonsense mutations (R168X), and truncating mutations (R255X, R270X, R294X), clustering in the
MBD or TRD and impairing MeCP2 function. Mutational severity correlates with residual protein
function: R133C and R306C are associated with milder RTT phenotypes, whereas nonsense or
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frameshift mutations generally produce more severe disease [4,11,20,21]. Table 1 summarizes the key
MECP2 mutations identified in Rett syndrome, including their mutation types, common variants,
approximate frequencies among classic MECP2 variants, associated phenotypic severity, additional
clinical features, recent findings from 2024-2025, and relevant inferences.

Table 1. Key MECP2 Mutations and Genotype-Phenotype Correlations.

Approximate
frequency
among
classic
Ph iA i
Mutation Type ConTmon MECP2 en0t¥p1 ssociated Recent Data  Inference
Variants . . cSeverity Features
variants in
RTT (%)—
cohort-
dependent
R133C shows
a milder
. phenotype
Disrupt
Early methvl due to
R106W, Moderate regression, bin dii; residual
Missense RI3BC, 4050 %0 " epilepsy frtial binding,
T158M (60-80%), § p RNHS: Better
o function ..
scoliosis retained ambulation in
) R133C (30%
vs. 10% in
R106W).
High sudden
death risk
Profi
Profound (25%). 2025
intellectual data:
R168X, dls;s;hty’ truiiilt};on Correlation
Nonsense R255X, 30-40 Severe ambulatorv  leadine to a with
R270X y 8198 itochondria
, null function. .
. 1 dysfunction
respiratory
. suggests
issues .
metabolic
crisis.
Frameshift/Deletion C-terminal Mild to speech . ! ]
. 10-15 . iPSC data exists for
s deletions Moderate variant, .
show reduced  partial
later onset ] .
synaptic loss. restoration.
Overexpressio
ME,CPZ, <5 (males  Severe I'{ypot'oma, n toxdcity; Dosage
. duplicatio . infections, mouse models e
Duplications predominant (males . . sensitivity
autism-like demonstrate .
) lethal) . inferred.
syndrome features anxiety
phenotypes.

X-chromosome inactivation (XCI) in females introduces cellular mosaicism, with approximately
half the cells expressing the mutant allele and half the wild-type allele. Skewed XCI (>80% favoring
the wild-type allele) is associated with milder clinical symptoms. Males, lacking a second X
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chromosome, typically exhibit severe neonatal encephalopathy and early mortality when carrying
pathogenic MECP2 variants. Rare surviving males often have mosaic mutations or an extra X
chromosome (Klinefelter syndrome), displaying a spectrum of phenotypes from severe cognitive
impairment to attenuated RTT-like syndromes [13,19,22-24].

Recent analyses (2024-2025) indicate that MBD-disrupting mutations impair DNA binding more
severely than TRD variants, linking residual function to clinical severity. Truncations in exons 3—4
are frequently associated with severe epilepsy and scoliosis, while C-terminal deletions often allow
milder ambulation phenotypes. Genotype—phenotype correlations, however, remain imperfect due
to XClI variability and other modulatory factors [15,18,24].

2.5. Preclinical Insights and Therapeutic Implications

A key insight from mouse genetics is that MeCP2 deficiency in mature neurons is not irreversibly
degenerative. Landmark studies demonstrated that reactivation of Mecp2 in adult symptomatic
knockout mice restored neuronal function, improved motor ability, normalized breathing, and
extended lifespan. This highlights functional plasticity in affected neural circuits and implies that
RTT is a disorder of functional impairment rather than permanent neuronal loss [7,25,26].

iPSC-derived neurons from RTT patients show reduced dendritic arborization and
excitatory/inhibitory imbalance, which can be rescued by restoring MECP2 expression. These
findings suggest that gene or protein replacement therapies, if isoform- and dose-calibrated to mimic
endogenous patterns, have the potential to reverse, rather than merely halt, disease progression.
Peripheral expression further implies non-cell-autonomous mechanisms, where MeCP2 deficiency in
glial cells can exacerbate neuronal dysfunction via neuroinflammation [27-29].

MECP2 acts as a master regulator of gene expression, with critical roles in neuronal
development, plasticity, and systemic function. Its dual activator/repressor functions, dosage
sensitivity, and widespread expression contribute to the complex pathogenesis of RTT. Clinical
severity is modulated by mutation type, XCI mosaicism, and residual protein function, while
preclinical models provide strong evidence that re-establishing MeCP2 expression can restore
neuronal health, opening avenues for disease-modifying therapies [4,15,16,30].

3. Central Nervous System Phenotype
3.1. Developmental Stages and Regression

RTT is a neurodevelopmental disorder characterized by a predictable, albeit variable, trajectory
of developmental changes. The central nervous system (CNS) phenotype typically follows a
stereotypical course: normal perinatal development is followed by stagnation between 6 and 18
months of age, regression between 1 and 4 years, and stabilization with persistent impairments in
later stages [1,2,11,31].

3.2. Stage I: Early Onset/Developmental Arrest (6-18 Months)

Stage I, also referred to as the early onset or developmental arrest stage, is marked by subtle,
non-specific features such as deceleration of head growth (microcephaly), limited eye contact, and
gross motor delays. Video analyses of home recordings suggest that hypotonia may be present even
earlier than the overt clinical signs. Overall, development appears normal during the first year of life,
but early stagnation in motor and social skills can be retrospectively identified [32,33].

3.3. Stage II: Rapid Progressive/Regression (14 Years)

Stage II, the rapid regression stage, represents the hallmark of RTT and occurs typically between
1 and 4 years of age. During this period, children abruptly lose previously acquired skills, including
purposeful hand use and spoken language. Stereotypic hand movements—such as wringing,
squeezing, and mouthing—emerge to replace purposeful hand function. Gait abnormalities,
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including ataxia and dyspraxia, become evident, and autistic-like behaviors, irritability, and social
withdrawal may manifest [27,28,34,35].

Seizures are common in this stage, affecting 60-80% of individuals, and include multiple types:
focal, generalized tonic—clonic, atypical absence, and myoclonic. EEG findings may show slowing of
background rhythms and paroxysmal discharges, though these are non-specific. Regression is often
accompanied by the development of microcephaly, irritability, and deficits in eye contact [3,22,35,36].

The neurological regression in RTT has been linked to synaptic pruning failure due to loss of
MeCP2 function, resulting in a disrupted excitatory/inhibitory balance in the CNS. Adult reversal
studies suggest that neuronal plasticity may be retained despite early developmental deficits.

3.4. Stage III: Plateau/Pseudo-Stationary (2—10 Years, Extending into Preadolescence)

Following regression, most individuals enter a plateau or pseudo-stationary stage. During this
phase, further loss of previously acquired skills is typically absent, though some modest
improvements in social engagement, eye contact, and nonverbal communication may occur. Motor
difficulties persist: ataxic or dyspraxic gait is common, and rigid or spastic muscle tone may be
present. Hand stereotypies remain prominent, sometimes intensifying.

Cognitive impairment remains severe and global, with most individuals demonstrating
profound intellectual disability (IQ <50). Speech is profoundly affected; nearly all become non-verbal,
though purposeful eye gaze and simple gestures are retained as primary modes of communication.
Approximately half of girls achieve motor milestones such as independent walking in early
childhood, but many subsequently lose ambulation and require wheelchairs. Scoliosis develops in
approximately 80% of cases by adolescence [34,37,38].

3.5. Stage IV: Late Motor Deterioration (Post-10 Years)

Stage IV, or late motor deterioration, is characterized by further mobility decline, bradykinesia,
rigidity, dystonia, and progressive scoliosis [24,36,39]. Despite worsening motor function, cognitive
abilities generally remain stable after the earlier regression stage, demonstrating a partial dissociation
of motor and intellectual domains. Communication challenges remain, and the assessment of internal
states such as pain or anxiety is complicated by severe motor apraxia [10,39].

3.6. Seizures and Electroencephalography

Seizures affect 60-80% of individuals with RTT, often presenting between 2 and 5 years of age,
although onset can occur later. Seizure types include focal, generalized tonic—clonic, atypical absence,
and myoclonic forms. While many respond to conventional anti-seizure medications, a subset
develops drug-resistant epilepsy. EEG recordings reveal slowing of background rhythms and
paroxysmal discharges; however, patterns are highly variable and non-diagnostic [6,16].

3.7. Neuroimaging and Brain Structure

Neuroimaging in RTT is generally unrevealing. MRI scans are typically normal or may show
mild cerebral atrophy, reduction in white matter, or prefrontal/posterior frontal volume loss, without
focal lesions. Magnetic resonance spectroscopy indicates mild alterations in neuronal metabolites,
such as decreased N-acetylaspartate (NAA). There is no established imaging biomarker comparable
to those in leukodystrophies or neurodegenerative disorders. EEG variability does not predict
diagnosis, although some age-related changes in background rhythms have been reported [40,41].

3.8. Behavioral Features and Communication

Behavioral manifestations in RTT include anxiety, sleep disturbances, and autistic-like behaviors
(e.g., avoidance of strangers). Sleep is frequently disrupted, with night waking and irregular
architecture commonly reported. Despite profound disabilities, individuals often demonstrate social
interest through eye gaze (“eye pointing”), which serves as a primary communication modality. Pain
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insensitivity has been anecdotally noted; quantitative studies suggest that normal pain perception is
likely present, though motor apraxia masks typical pain expressions [1,9,19,25].

3.9. Natural History Data and Clinical Insights

The NIH Rett Natural History Study (RNHS) has provided comprehensive longitudinal data. In
a cohort of over 600 girls (predominantly classic RTT, aged from infancy to ~64 years), approximately
60% had ever experienced seizures by parental report (48% on expert review). Universal features
included developmental regression, stereotypic hand movements, and gait abnormalities. Scoliosis
was present in over 60% by adolescence. Growth failure, manifesting as low height and weight z-
scores, and breathing irregularities (episodic hyperventilation, apnea, or breath-holding while
awake) were common. These high-quality data establish baselines for clinical understanding and
inform therapeutic trials [22,42-44].

3.10. Summary of Clinical and CNS Phenotype

In summary, RTT presents with a stereotypical neurological trajectory: normal early
development, stagnation by 6-18 months, regression between 1-4 years with loss of hand skills and
language, emergence of hand stereotypies, and subsequent stabilization with persistent impairments.
Intellectual disability is profound, with 90% of individuals non-verbal. Motor deficits include apraxia,
dystonia, bradykinesia, and scoliosis. Communication is largely limited to eye gaze, and stereotypic
hand movements affect all patients. Seizures are prevalent, and EEG abnormalities are common.
Neuroimaging reveals mild reductions in brain volume (12-34%) but no diagnostic lesions. As shown
in Figure 2, Rett syndrome progresses through distinct stages, beginning with early normal
development, followed by stagnation, regression with loss of skills and emergence of stereotypies,
stabilization with seizures and autonomic disturbances, and later complications such as scoliosis,
gastrointestinal dysfunction, and increased caregiver burden in adulthood. The phenotype reflects
underlying synaptic and network dysfunction due to MeCP2 deficiency, though retained plasticity
offers avenues for potential therapeutic intervention [45-47].

Seizures and
Breathing Cardiac Arrhythmia
Abnormalities and GI Dysfunction
Normal
devel opment ﬂi&% @
/". v’o. - L ITTICINET =
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Figure 2. Progression of Rett syndrome across the lifespan. The schematic outlines stages from early normal
development to stagnation, regression with skill loss and stereotypies, stabilization with seizures and autonomic
disturbances, and later complications, including scoliosis, gastrointestinal dysfunction, and increased caregiver

burden into adulthood.
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4. Beyond the Brain—System-by-System Pathophysiology & Clinical
Manifestations

Although RTT is classically defined by its neurological features, MeCP2 is ubiquitously
expressed, and non-neuronal organs are measurably affected. The multi-systemic pathophysiology
of RTT arises from two primary sources: direct effects of MeCP2 deficiency in non-neuronal tissues
and cascading consequences of central autonomic dysfunction originating in the brainstem [27,31,48].
This interconnectedness transforms RTT from a simple neurological disorder into a complex systems-
level disease requiring a holistic, multidisciplinary approach [13,18,48]. Below, we review the clinical
manifestations, underlying mechanisms from animal and cell studies, and management issues for
each system, with prevalence data drawn where available from the Rett Natural History Study
(RNHS) and other registries. Table 2 provides an overview of key comorbidities and their
approximate prevalence. Management of beyond-brain issues is multidisciplinary, with specialists in
pulmonology, cardiology, gastroenterology, orthopedics, endocrinology, sleep medicine, dental care,
and others working together to support these children.

Table 2. Multisystem Clinical Features, Prevalence, Mechanistic Insights, and Management Approaches in

RTT.
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. Management
Evidence)
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Note: Prevalence values represent harmonized estimates from multiple registries, with variability depending on

cohort size, age distribution, and diagnostic methodology (“registry variability”).

4.1. Respiratory Control & Breathing Irregularities

Breathing irregularities affect 70-90% of individuals with RTT, predominantly during
wakefulness [5,11,13,35]. Phenotypes include hyperventilation (60%), breath-holding (50-70%),
apneas, and forceful expiratory events. These episodes can lead to cyanosis, oxygen desaturation, and
seizures, contributing significantly to caregiver burden [49,50].

The pathophysiology involves MeCP2 deficiency within brainstem respiratory centers,
including serotonergic and GABAergic circuits in the medulla and pons. iPSC studies indicate
mitochondrial dysfunction exacerbates hypoxia, while Mecp2-null mouse models recapitulate
spontaneous apneas and hyperventilation [51,52]. Reduced serotonin levels, impaired
chemosensitivity, altered neuronal excitability, and glial dysfunction are implicated in the
dysregulation. Stress and anxiety can further aggravate these episodes.

Management focuses on supportive measures: diaphragmatic breathing and relaxation
techniques, oxygen supplementation, and non-invasive ventilation (BiPAP) for severe sleep apnea.
Clinical trials are exploring pharmacological interventions, including 5-HT1A agonists, though
results remain preliminary. Aspiration risk (~30%) and systemic oxidative stress are important
considerations when managing respiratory dysfunction [53,54].
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4.2. Cardiovascular System (Autonomic Dysfunction and Arrhythmia)

Autonomic instability is a hallmark of RTT, affecting 75-80% of patients, and includes erratic
heart rate, blood pressure dysregulation, and temperature instability. Heart rate variability studies
show reduced parasympathetic tone and relative sympathetic predominance. ECG abnormalities
include QTc prolongation (20-30%) and T-wave alterations, correlating with a markedly increased
risk of sudden, unexplained death (~25%)[55,56].

Mechanistically, MeCP2 loss disrupts ion channel expression (e.g., K"+ channels like KCNQL1),
contributing to arrhythmogenesis. Animal studies demonstrate abnormal baroreflexes, sympathetic
overdrive, and increased susceptibility to lethal arrhythmias [17,35,51,56]. Mitochondrial defects may
also contribute to cardiac dysfunction.

Clinical management includes annual ECG monitoring, beta-blocker therapy, electrolyte
correction, and, in severe cases, pacemaker or defibrillator consideration [57,58]. Retrospective
analyses suggest certain sodium-channel-blocking antiepileptics may help normalize QTc intervals,
complementing standard therapies.

4.3. Gastrointestinal System & Nutrition

Gastrointestinal (GI) complications are prevalent, with constipation affecting 80-90% of patients,
GERD 40-50%, and dysphagia 60-70% [59-61]. Delayed gastric emptying and motility disorders lead
to chronic malnutrition, growth failure (85%), and low body weight. Autonomic dysfunction and
enteric MeCP2 deficiency are primary mechanisms, with iPSC gut organoid studies demonstrating
reduced peristalsis.

Management includes dietary modifications (increased fiber and fluids), pharmacological
interventions, swallow therapy, and timely enteral feeding (PEG tubes in ~50% of cases). Trofinetide
(trade name DAYBUE), the first FDA-approved drug for RTT in 2023 for patients >2 years, frequently
induces Gl side effects (diarrhea in ~80%, vomiting/nausea ~25%), requiring careful titration and anti-
diarrheal support. Systemic oxidative stress and microbiome alterations may further exacerbate GI
dysfunction [62-65].

4.4. Skeletal & Musculoskeletal System

Skeletal abnormalities are common and progressive in RTT. Scoliosis affects up to 260-85% by
25 years, often requiring surgical intervention in ~30%. Contractures and abnormal gait patterns are
frequent due to spasticity and hypotonia transitioning to hypertonia.

Bone health is compromised, with 50-60% exhibiting BMD z-scores =45-60% experiencing
fragility fractures. Low BMD arises from immobility, poor nutrition (vitamin D/ D/calcium
deficiency), anticonvulsant use, and potential direct effects of MeCP2 on osteoblast function.
Bisphosphonates, physiotherapy, and nutritional supplementation are key management strategies
[66-68].

4.5. Metabolic & Mitochondrial Dysfunction

RTT exhibits systemic metabolic abnormalities and mitochondrial dysfunction in ~50% of
patients [2,69,70]. Structural mitochondrial defects (enlarged/swollen organelles, irregular cristae)
lead to ATP deficiency, oxidative stress, and hypoxia vulnerability. Lactate elevation and
dyslipidemia have been reported in subsets, while fibroblast studies show altered bioenergetics and
mitochondrial gene expression.

Restoring MeCP2 in preclinical models reduces oxidative stress, indicating partial reversibility
[10,44]. Nutritional strategies, coenzyme Q10, L-carnitine, B-vitamin supplementation, and trials of
IGF-1 or trofinetide target both neuronal and systemic metabolic deficits [52,69,70]. Ketogenic diets
and other metabolic interventions are under investigation.
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4.6. Immune System & Glial/Peripheral Immune Interactions

MeCP2 deficiency in glial and peripheral immune cells (astrocytes, microglia, macrophages)
contributes to systemic inflammation and non-cell-autonomous neuronal dysfunction [67,70-72].
Hyper-responsive microglia release excess TNF-a, IL-6, and glutamate, exacerbating CNS pathology.
Peripheral cytokine profiles are also skewed (IL-6, IL-8), and subtle immune dysregulation may
manifest as fatigue, eosinophilia, or hyper-IgE.

While gross immunodeficiency is uncommon, neuroimmune crosstalk is a key pathogenic
component. Current clinical management is supportive, correcting specific nutritional deficiencies
and monitoring for infections [61].

4.7. Endocrine & Growth/Reproductive Health

Growth failure affects ~80% of RTT patients, with microcephaly nearly universal. Poor nutrition,
high energy expenditure, and feeding difficulties contribute, alongside endocrine disruption. IGF-1
deficiency is notable, and trofinetide (IGF-1 analog) shows promise in improving growth and
neurological outcomes [73,74].

Puberty may be delayed, with early adrenarche and late or absent menarche. Menstrual
irregularities, including secondary amenorrhea, are common. Endocrine management focuses on
optimizing nutrition, monitoring growth and puberty, and maintaining bone health, potentially with
hormone replacement if indicated.

4.8. Sleep, Sensory Systems & Pain

Sleep disturbances affect 70-80% of patients, including insomnia, nocturnal awakenings, sleep-
disordered breathing, and bruxism. These issues impair daytime function and caregiver burden.
Sensory processing can be altered: some patients show hypoalgesia or hyperalgesia, complicating
pain assessment, particularly in non-verbal individuals. Management includes sleep hygiene,
melatonin, or low-dose sedatives (trazodone, clonidine)[75-77].

4.9. Oral/Dental & Dental Health

Bruxism affects 80% of patients, leading to tooth wear, jaw pain, and oral health challenges
[78,79]. High-arched palate, tongue thrust, and poor oral hygiene contribute to dental caries.
Management requires early and regular dental visits, preventive care, and customized interventions
like mouth guards.

4.10. Other Organ Systems (Renal, Dermatologic, Ophthalmologic)

Renal complications are rare (~10%) but may include UTIs, kidney stones, or urine retention.
Dermatologic findings include cold extremities, vasomotor instability, eczema, and Raynaud-like
symptoms [80,81]. Ophthalmologic manifestations include strabismus (30%), refractive errors, and
occasional cortical visual deficits [82,83]. Retinal changes have been reported in research imaging
studies, but are not yet clinically actionable.

While RTT is primarily neurodevelopmental, MeCP2 deficiency impacts virtually every organ
system. Effective management requires a multidisciplinary approach encompassing pulmonology,
cardiology, gastroenterology, orthopedics, endocrinology, immunology, sleep medicine, dental care,
and supportive therapies. Clinical surveillance, proactive interventions, and ongoing research into
targeted therapies (IGF-1 analogs, 5-HT1A agonists, metabolic and mitochondrial support) remain
essential to improving outcomes and quality of life for patients [44,51,61,84].

5. Biomarkers, Outcome Measures, and Trial Endpoints

A major challenge in conducting clinical trials for RTT is the lack of validated, objective, and
sensitive outcome measures and biomarkers [85]. Historically, trial endpoints have relied heavily on
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subjective scales completed by caregivers or clinicians. The RTT Behavior Questionnaire (RSBQ), a
45-item scale assessing common symptoms, and the Clinical Global Impression-Improvement (CGI-
I) scale, which measures overall clinical status, have been widely used in trials [86,87]. While these
scales demonstrated statistical significance in the first approved RTT drug trial, they are subjective
and may not capture the full scope of a multi-systemic disorder [88,89]. Clinical severity scales such
as the Motor Behavioral Assessment (MBA) and the Clinical Severity Score (CSS) quantify global RTT
severity by rating key domains, including motor skills, hand use, communication, and autonomic
signs, whereas the RSBQ focuses on behaviors such as mood, hyperventilation, and self-injury. These
scales are widely used in natural history studies and trials, but are relatively coarse. Objective
physiological endpoints have also been explored; breathing irregularities can be quantified using
apnea counts or respiratory inductance plethysmography during wakefulness, polysomnography
measures sleep quality and nocturnal respiratory events, and cardiac monitoring through ECG or
Holter recordings provides arrhythmia and heart rate variability data. Periodic EEGs have been used
to assess background rhythm changes, although no specific EEG marker is established as a definitive
endpoint, with spike density sometimes serving as a surrogate for neuronal health. Near-term
candidate or under-validation clinical endpoints include awake breathing event rates (apnea counts,
respiratory inductance plethysmography), heart rate variability (HRV) and QTc interval on
ECG/Holter recordings, sleep quality and nocturnal respiratory metrics via polysomnography, and
caregiver-reported frequency of purposeful hand use. There is a critical need for reliable molecular
biomarkers to provide objective measures of disease progression and therapeutic response.
Candidate molecular biomarkers under investigation include serum or cerebrospinal fluid (CSF)
levels of MeCP2-regulated proteins such as BDNF and IGF-1, neurotransmitter metabolites, certain
miRNAs or lipids, blood markers of oxidative stress or inflammation, and CSF MeCP2 levels.
Exploratory biomarkers currently under validation include the BDNE/IGF-1 axis (serum/CSF levels),
circulating cytokines and inflammatory mediators, neurotransmitter metabolites, miRNA and
lipidomic signatures, metabolomics-based readouts of systemic dysfunction, and blood-based
oxidative stress markers. Neuroimaging biomarkers, such as brain volume on MRI, diffusion tensor
imaging metrics, and MR spectroscopy metabolites, are experimental but promising, with high-
resolution MRI and PET offering further insights despite requiring sedation in young children.
Digital wearables are emerging for real-time monitoring of breathing and seizures, complementing
these physiological and molecular measures. Caregiver-reported outcomes, including daily logs and
quality-of-life questionnaires such as the Pediatric Quality of Life Inventory (PedsQL) and Caregiver
Strain Index, capture patients’ overall function and the multidimensional impact. Recently, an
international workshop of clinicians, researchers, and families highlighted the need for “fit-for-
purpose” endpoints, emphasizing that no single measure is sufficient and that trials should include
a composite of scales, biomarkers, and caregiver assessments focused on the most meaningful
outcomes such as hand function, communication, seizure control, and safety [90-92]. Candidate
endpoints derived from the Rett Natural History Study (RNHS) include post-regression head growth
velocity, frequency of hand use, and breathing event rates. Trial-readiness initiatives now also
include digital wearables for breathing and seizure monitoring. Ultimately, validating new
biomarkers—imaging- or blood-based —that correlate with clinical state remains a priority, and
multi-modal endpoints integrating clinical, physiological, molecular, and caregiver-reported
measures are essential for sensitive, objective, and reliable evaluation of therapeutic efficacy in RTT.

6. Models and Mechanistic Tools (Preclinical & Translational Platforms)
6.1. Rodent Models of RTT

Preclinical research into RTT has heavily relied on rodent models, particularly mice, which have
been instrumental in elucidating disease mechanisms and testing therapeutic strategies. Mecp2-null,
heterozygous, and transgenic mouse models have successfully recapitulated many core neurological
and behavioral features of RTT, including regression, stereotypies, seizures, tremors, gait ataxia, and
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breathing abnormalities[31]. The hemizygous Mecp2”-/Y mice appear normal at birth but develop
progressive neurological deficits by 4-6 weeks, culminating in death around 10-12 weeks.
Heterozygous females (Mecp2+-) model the mosaicism of human RTT females, displaying a milder,
later-onset phenotype with motor and respiratory deficits over months. Conditional knockouts, in
which Mecp? is selectively deleted in specific cell types, have revealed cell-specific roles: neuronal
deletions largely reproduce RTT-like behavior, whereas astrocyte deletions produce subtler effects,
and microglial deletions affect synaptic pruning. These findings highlight neurons as the critical site
of pathology [93,94].

Transgenic overexpression models have also been generated to study MECP2 duplication
syndrome, which causes hypotonia, motor deficits, and epilepsy. These models underscore that both
insufficient and excessive MeCP2 are deleterious and have been used to test antisense oligonucleotide
(ASO) therapies aimed at reducing MeCP2 expression. Rat models, developed more recently, provide
advantages such as larger brains for intracerebroventricular (ICV) drug delivery and
neurophysiologic monitoring. While non-human primate (NHP) or other large-animal models are
limited, 2025 efforts aim to explore biodistribution and human-like physiology if feasible [95,96].

Mouse and rat models have been pivotal in demonstrating that adult plasticity allows reversal
of RTT phenotypes following Mecp2 reactivation, highlighting that therapeutic interventions need
not be limited to neonatal stages. Many candidate therapies—including IGF-1, BDNF mimetics, and
gene therapy —have been tested in these models, yielding critical insights into neurotransmitter
alterations, synaptic function, and histological changes.

6.2. Human Cell-Based Models

To overcome species differences inherent in rodent models and bridge the gap to human
pathology, patient-derived induced pluripotent stem cells (iPSCs) have emerged as powerful tools
[97]. The iPSCs can be differentiated into neurons, astrocytes, and microglia, allowing in vitro
investigation of human-specific disease mechanisms such as dendritic branching deficits, synaptic
impairments, and altered gene expression profiles. Isogenic control lines, genetically identical except
for the MECP2 mutation, provide a high-fidelity system to study mutation-specific effects [97-99].

Three-dimensional cerebral organoids derived from RTT iPSCs further recapitulate aspects of
tissue architecture and cellular complexity in the developing human brain. These “mini-brains”
enable studies of early neurodevelopment, neuronal network activity, and abnormal connectivity,
providing physiologically relevant platforms for drug screening and biomarker discovery. Although
organoids lack full circuit maturation, they consistently reflect RTT-associated phenotypes, such as
impaired neuron growth and synaptic connectivity [100-102].

6.3. Molecular and Multi-Omic Insights

Advances in high-resolution molecular profiling have greatly enhanced the understanding of
RTT pathophysiology. Single-cell transcriptomics, proteomics, and metabolomics reveal cell-type-
specific alterations in gene expression, protein abundance, and metabolic pathways that contribute
to disease [103-105]. These studies identify isoform-specific roles of MeCP2, elucidate downstream
molecular cascades, and facilitate the discovery of objective biomarkers of disease state or severity.
Integrating multi-omic data enables stratification of patients for personalized therapeutic
approaches, moving beyond the causal gene to a comprehensive understanding of molecular
dysfunction.

6.4. Comparative Strengths and Limitations of Models

Each model system offers unique advantages and limitations. Mouse models provide controlled
genetics, reproducibility, and in vivo testing, but cannot capture certain human features, such as
speech. iPSC-derived neurons and glia offer human-specific mechanistic insights but lack whole-
body context. “As summarized in Table 3, various preclinical and translational model systems for
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MECP2-related disorders are compared in terms of their genetic alterations, key features, strengths,
limitations, and recent inferences (2024-2025). This comparison highlights the utility and constraints
of each model in studying disease mechanisms and evaluating potential therapeutic strategies.
Cerebral organoids emulate aspects of early brain development and network formation but display
variability and incomplete maturation. Despite these limitations, convergence of findings across
models—such as synaptic dysfunction, impaired plasticity, and metabolic deficits—strengthens
confidence in mechanistic inferences and therapeutic targets. Notably, the profound phenotypic
rescue achieved by Mecp?2 reactivation in adult mice underlines the translational relevance of these
preclinical models [106,107].

Table 3. Comparative Overview of Preclinical and Translational Model Systems for MECP2-Related Disorders.
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7. Therapeutic Landscape: Symptom Control to Disease Modification
7.1. Standard Supportive Care

Management of Rett syndrome (RTT) centers on comprehensive symptomatic and supportive
care. Because RTT affects virtually every organ system, a multidisciplinary approach is essential,
involving  pediatric  neurologists, = pulmonologists,  gastroenterologists, = orthopedists,
endocrinologists, dietitians, and therapists (physical, occupational, and speech) [67,90]. As shown in
Figure 3, the timeline highlights key milestones in Rett syndrome research, from the discovery of the
MECP2 gene to the recent development of gene therapy approaches. Respiratory support includes
monitoring children for breath-holding episodes and sleep apnea, with severe episodes potentially
requiring supplemental oxygen or manual ventilation support. Families are trained to recognize and
manage apnea and clear secretions, and vaccination against respiratory pathogens, including
influenza and pneumococcus, is recommended. Cough assist devices are used to prevent pneumonia.
Seizure management involves prescribing antiepileptic drugs (AEDs) based on seizure type, with
valproate, levetiracetam, or lamotrigine commonly used, although response is often incomplete.
Benzodiazepines may be employed for refractory status epilepticus, and vagus nerve stimulation has
been trialed in a few cases with limited data. Certain drugs, such as sodium channel blockers, may
exacerbate gait or breathing issues, necessitating individualized therapy. EEG monitoring guides
treatment, and the ketogenic diet may be considered for drug-resistant epilepsy, although data in
RTT remain anecdotal [92,107,108]. Gastrointestinal care and nutrition involve aggressive
management of constipation using laxatives such as polyethylene glycol, senna, and stool softeners,
while liquid polyethylene glycol can simultaneously address constipation and nutritional needs.
Gastroesophageal reflux disease (GERD) is treated with acid suppression via proton-pump inhibitors
and feeding modifications, including thickened feeds and positioning. Swallowing therapy from
speech-language pathologists prevents aspiration, and texture-modified diets are used as necessary.
When weight falters, gastrostomy tube feeding ensures stable nutrition, reduces aspiration risk, and
improves growth parameters. Dietitians calculate caloric requirements (often 110-120 kcal/kg/day
due to hypermetabolism) and monitor micronutrients, supplementing vitamin D, calcium, and
multivitamins as needed, while weight-bearing activities such as standing frames support muscle
tone and bone health [59,109]. Orthopedic and neuromotor care includes early initiation of physical
and occupational therapy to maintain mobility and prevent contractures, stretching exercises for
ankles and knees, use of orthoses such as ankle-foot orthoses, and hip surveillance imaging. Scoliosis
may require instrumented spinal fusion, which often improves pulmonary function and sitting
balance, and caregivers may employ transfer devices such as Hoyer lifts for safe handling in later
childhood [107]. Communication and developmental support rely on augmentative and alternative
communication (AAC) strategies, including eye-tracking technology, picture boards, and gestures,
while early intervention programs optimize cognitive and social development. Behavioral and
psychological support for anxiety or mood swings may involve low-dose SSRIs or alpha-agonists,
though evidence is limited [92,109]. Dental care and other considerations include proactive dental
cleanings, fluoride use, and management of bruxism. Finally, caregiver support encompasses
comprehensive care plans, respite services, and caregiver education, with palliative care principles
applied to focus on quality of life and symptom relief; severe agitation or pain may occasionally be
treated with low-dose opioids or neuromodulators [90,91].
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Figure 3. Timeline of major milestones in Rett syndrome research and therapy development. The schematic
illustrates the discovery of the MECP2 gene in 1999, followed by advancements in symptomatic and supportive
care, the initiation of clinical trials for potential drugs, and the approval of trofinetide as the first targeted
treatment. More recently, gene therapy approaches have entered early-phase clinical trials, offering the potential

for disease-modifying interventions.

7.2. Approved Pharmacotherapy: Trofinetide (DAYBUE™)

Trofinetide, a synthetic analog of the N-terminal tripeptide of IGF-1, became the first FDA-
approved therapy for Rett syndrome (RTT) in 2023 for patients aged >2 years. Its design was inspired
by IGF-1 trials and observations that Mecp2-deficient neurons exhibit reduced IGF-1 signaling.
Trofinetide appears to promote neuronal growth and synaptic function, although its precise
mechanism of action is not fully elucidated. In pivotal clinical trials involving patients aged 5-20
years, trofinetide demonstrated statistically significant improvements on coprimary endpoints,
including caregiver-rated behavior scales (RSBQ) and the clinical global impression of improvement
(CGI-I). Secondary outcomes, such as communication and motor behavior, exhibited positive trends
but frequently did not reach statistical significance [110,111]. Real-world studies conducted between
2024 and 2025 reported behavioral gains of 20-50% as noted by caregivers, contributing to
improvements in overall quality of life. Gastrointestinal adverse events were the most commonly
observed, with diarrhea occurring in over 80% of patients compared to less than 20% on placebo,
nausea in approximately 25%, and occasional weight loss or decreased appetite. These side effects
can be mitigated through dose titration and the use of anti-diarrheal or anti-nausea agents, with
nutritional monitoring recommended throughout treatment. Access to trofinetide remains
constrained by its high cost, amounting to hundreds of thousands of USD per year, and limited global
availability, with insurance coverage and patient assistance programs influencing patient access.
Despite its modest efficacy, trofinetide represents the first disease-directed therapy for RTT.
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7.3. Gene Replacement/Gene Therapy

Gene therapy for Rett syndrome aims to deliver a functional copy of MECP2 to neurons using
adeno-associated virus (AAV) vectors, such as NGN-401 and TSHA-102, representing a potential
disease-modifying approach [112-114]. Preclinical studies in Mecp2-deficient mice demonstrated
that intravenous or intracerebroventricular delivery of AAV9-Mecp2 improved survival, motor
function, and respiratory parameters. However, MECP2 is dosage-sensitive, and overexpression can
lead to toxicity, as observed in MECP2 duplication syndrome. Consequently, dose titration is critical,
and regulatory elements, including EXACT™ and miRARE, are employed to control expression.
Early-stage AAV-MECP2 programs have shown a narrow therapeutic window, highlighting the
importance of precise dose-finding and expression control to ensure safety. Clinical trials indicate
that low-dose NGN-401 is safe, with interim efficacy demonstrating RSBQ improvements ranging
from 28-52%. Safety monitoring in these trials includes immune surveillance and hepatic enzyme
assessment [51,115]. Translating preclinical success to humans involves significant challenges,
including achieving sufficient CNS penetration, maintaining long-term expression control, mitigating
cardiopulmonary risks, and manufacturing high-titer AAV vectors. Consequently, early-phase trials
remain cautious, often prioritizing patients with severe phenotypes or early diagnosis. Alternative
strategies, including non-viral gene delivery approaches using nanoparticles or exosomes, as well as
gene editing tools such as CRISPR and base editors, are under investigation but remain experimental.

7.4. Antisense Oligonucleotides and Dosage Normalization

ASOs are being investigated to normalize MECP2 levels in duplication syndromes and may
inform RTT therapies. Preclinical studies in MDS mice demonstrated phenotypic improvement with
MECP2 knockdown. Early 2024 data support precise titration strategies to avoid inducing RTT-like
symptoms. Lessons from ASO development—including intrathecal delivery, off-target monitoring,
and durability assessment—guide all genetic approaches in RTT [116,117].

7.5. Small Molecules, Neurotrophic Strategies, and Repurposing

Pharmacologic agents for Rett syndrome (RTT) primarily target disease pathophysiology or
provide symptomatic relief. Agents acting on the IGF-1 pathway, such as trofinetide and full-length
IGF-1 (mecasermin), have been shown in preclinical studies to cross the blood-brain barrier,
improving gait and lifespan in mice [110], however, placebo-controlled IGF-1 trials have indicated
potential breathing issues, necessitating further evaluation. The BDNF pathway is regulated by
MeCP2, and enhancing BDNF signaling with small molecules, including LM22A-4 and selective
serotonin reuptake inhibitors (SSRIs), has improved outcomes in murine models, although
translation to humans remains limited [73]. Serotonergic agents, including SSRIs or 5-HT_1A agonists
such as sarizotan, aim to modulate mood and respiratory function, but large clinical trials have failed
to demonstrate efficacy; nonetheless, some 5-HT modulators are used off-label to manage
gastrointestinal or behavioral symptoms. Synaptic modulators, including NMDA receptor
antagonists (memantine, ketamine) and stimulants such as modafinil, have been investigated for
behavioral and alertness improvements, yet results remain inconclusive. Metabolic modulators,
including supplements such as CoQ10, L-carnitine, and triheptanoin, exhibit minimal clinical effects,
while newer agents, including leriglitazone (2025), are currently under investigation. Symptomatic
management is achieved through low-dose benzodiazepines or SSRIs for anxiety and mood
disturbances, glycopyrrolate for drooling, and baclofen or diazepam for spasticity. To date,
trofinetide represents the only pharmacotherapy demonstrating disease-modifying potential,
whereas other agents, including sigma-1 receptor agonists (blarcamesine) and neuromuscular
modulators (ezogabine), are in early Phase 2/3 clinical trials [109,117,118].
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7.6. Cellular and Other Novel Strategies

Emerging interventions for neurological disorders include stem cell therapy, exosome-based
approaches, and neuromodulation. Neural precursor or mesenchymal stem cell (MSC)
transplantation aims to provide trophic support, with early studies in mouse models demonstrating
transient benefits; however, translation to humans remains speculative and is associated with safety
concerns. Exosomes, derived from MSCs or other cell types, have the potential to deliver RNAs and
proteins to modulate neuronal growth or inflammation, but these approaches are still in the early
discovery phase. Neuromodulation strategies, including trigeminal nerve stimulation and vagus
nerve stimulation, have shown anecdotal improvements in alertness or breathing, although
controlled clinical trials are required to validate these observations.

7.7. Clinical Trial Design and Operational Considerations

Rett syndrome (RTT) trials face several unique challenges. Phenotypic heterogeneity, including
variations in age, mutation type, and X-chromosome inactivation, necessitates careful stratification
or randomization of participants. Small patient populations, due to the ultra-rare nature of the
disease, limit sample sizes, with international trials often enrolling only tens of patients; innovative
designs such as Bayesian adaptive trials and N-of-1 trials have been employed to address this
limitation. Outcome sensitivity is a critical consideration, as standard measures may lack the
precision needed to detect subtle changes; consequently, natural history studies (RNHS) and
wearable monitoring devices are increasingly utilized to track nuanced clinical outcomes. Safety
monitoring is essential, particularly for gene and novel therapies, given MECP2’s narrow therapeutic
window. Ethical considerations are paramount, as pediatric patients and cognitively impaired
individuals require guardian consent, and the progressive nature of the disease raises concerns
regarding placebo use. Finally, global access remains limited, with most trials conducted in North
America and Europe; international collaboration and registry sharing, such as through the RTT
Global Registry, are critical to ensure diverse patient inclusion.

This structure maintains all scientific details, data points, references, clinical observations, and
trial results, while presenting a clear flow from supportive care to cutting-edge therapies and trial
design [88]. An overview of current and emerging therapeutic approaches in RTT, along with their
mechanisms and efficacy, is summarized in Table 4.

Therapy design principles for RTT emphasize precise dose control to regulate MECP2 and
pathway-targeting therapies and avoid toxicity, brain-wide coverage to ensure adequate distribution
across affected neuronal populations, and consideration of timing and age of intervention, with
earlier initiation correlating with better outcomes. Isoform targeting, accounting for MECP2 isoforms
and cell-type specificity, and vigilant monitoring of peripheral safety to detect systemic and off-target
effects are also critical components of effective therapeutic strategies.

Table 4. Overview of Therapeutic Approaches in RTT.

. . Key
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L. neurotrophic/a CSBS. Gl side © po.
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nti- effects . .
inflammato (2023) (diarrhea benefits with
Y N careful GI
vomiting).
management.
Neurotrophic/Gro Mixed
IGF-1 Neurotrophic Highlights
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. (mecasermin) support limitations of
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8. Safety & Regulatory Considerations

The development of novel therapies for RTT, particularly AAV-based gene therapies, introduces
significant safety and regulatory considerations, including immunogenicity, dose-dependent
toxicity, biodistribution concerns, and unintended off-target effects. AAV vectors can trigger immune
responses, especially in patients with pre-existing neutralizing antibodies, requiring pre-enrollment
screening for antibody titers. Acute reactions such as cytokine release and organ toxicity, notably
liver injury, have been observed in high-dose AAV trials for other diseases, highlighting the need for
careful stepwise dosing and monitoring of liver function tests and inflammatory markers. Long-term
follow-up is essential to detect delayed adverse events, including rare risks such as insertional
mutagenesis and unforeseen effects of MECP2 expression in peripheral cells, with current guidelines
recommending up to 15 years of surveillance due to the permanent nature of AAV therapy. Small-
molecule therapies such as trofinetide, which has received Orphan Drug and Rare Pediatric Disease
designations, emphasize careful patient selection (ages 5-20) and monitoring for gastrointestinal
adverse events, with post-marketing surveillance tracking efficacy and safety in the wider
population. Other emerging agents, like Blarcamesine, similarly benefit from Orphan and Fast-Track
designations, but require attention to off-target CNS effects, liver enzyme elevations, and potential
drug interactions. Regulatory agencies, including the FDA and EMA, actively engage with RTT
therapies, especially MECP2 gene therapy, due to the risk of overexpression, recommending low
initial doses and built-in stopping rules for first-in-human trials. Patient advocacy groups (IRSF,
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RSRT) have played a crucial role in defining trial endpoints and guiding therapy development,
exemplified by the breakthrough designation of trofinetide. Overall, the regulatory framework
promotes patient-centered endpoints while emphasizing meticulous safety assessments, long-term
monitoring, and responsible risk-benefit evaluation, with ultimate responsibility resting on clinical
researchers and therapy developers [119,120].

9. Quality of Life, Caregiver Burden, and Health-Services Issues

RTT has a profound and pervasive impact on patients and their caregivers, significantly affecting
quality of life [90,91]. The care required ranges from basic daily living activities to complex medical
needs, is continuous, and often exceeds the capacity of standard health services[88]. Caregivers, often
mothers, experience high levels of physical, emotional, and social burden, with surveys in 2024
reporting high Zarit scores (>30) and substantial mental health strain [115,121,122]. The inability of
individuals with RTT to communicate pain or discomfort adds further anxiety to routine care.20
Daily tasks, including feeding, toileting, and mobility assistance, often require 24/7 attention, and
sleep disturbances in children contribute to parental fatigue, anxiety, and depression. RTT health
services vary by region: in countries with specialized clinics (US, Europe, Australia),
multidisciplinary teams and supportive therapies are accessible, whereas in other areas, care may be
fragmented, with children sometimes misdiagnosed with cerebral palsy or autism and missing the
benefits of targeted interventions such as scoliosis monitoring or gastrostomy planning. Early genetic
diagnosis increasingly enables timely access to resources. Transition from pediatric to adult care
poses additional challenges, as adult specialists are often less familiar with RTT, leading to gaps in
long-term management of orthopedic, seizure, and cardiac issues, though multidisciplinary clinics
can reduce caregiver burden by ~20%. RNHS surveys highlight these adult-care gaps, emphasizing
the need for dedicated adult RTT clinics and guidelines for lifelong management. Palliative care,
extending beyond end-of-life care, involves holistic symptom management and family support,
including feeding tube discussions, advanced care planning for respiratory illnesses, and pain
management, with ethical considerations around aggressive interventions versus comfort care.
Professional guidelines advocate informed, family-centered decision-making that respects patient
and caregiver values, integrating pediatric palliative principles into adult care. Effective RTT
management requires a collaborative, team-based approach involving multiple specialists, advocacy
organizations, and social support networks, which together enhance patient quality of life and
mitigate caregiver burden [123].

10. Global Health, Equity & Access to Specialized Care

RTT occurs worldwide, yet its diagnosis and management are highly uneven across regions. In
high-income countries, genetic testing is standard when RTT is suspected, and specialized
multidisciplinary centers provide comprehensive care, whereas in low- and middle-income countries
(LMICs), limited awareness, lack of testing, and insufficient specialized care result in many girls being
unrecognized or misdiagnosed, with delays often exceeding five years. Estimates suggest hundreds
of thousands of individuals with RTT exist globally, but many have never been formally diagnosed,
hindering epidemiological studies and equitable enrollment in clinical trials. Access to approved
therapies, such as trofinetide, or emerging interventions like gene therapy, remains restricted in
LMICs due to cost and infrastructure limitations. Even in high-income countries, obtaining
treatments can involve lengthy insurance approvals, and families outside major metropolitan areas
may need to travel long distances to reach RTT centers; telemedicine has partially mitigated these
barriers, especially during the COVID-19 pandemic, by enabling remote consultation with RTT
experts. Addressing these inequities is a moral and ethical imperative, requiring policy interventions
and international collaboration. Recommended strategies include universal newborn screening when
cost-effective, training healthcare workers to recognize RTT, educational campaigns to reduce late
diagnoses, and advocacy for subsidized or compassionate access to new treatments. International
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registries, such as the RTT Global Registry, consolidate knowledge, enable data sharing, and facilitate
global access to research and clinical trials, while rare disease initiatives can ensure funding for
research, clinical support, and infrastructure development. Telemedicine expansion, registry
participation, and policy-driven universal screening have been emphasized in the 2025
recommendations to reduce disparities. Achieving equity in RTT care, therefore, demands a multi-
faceted approach, integrating improved diagnosis, broader access to supportive services, and
innovative solutions to make new therapies affordable and available worldwide, ensuring that all
individuals with RTT, regardless of geographic or socioeconomic status, benefit from advancements
in the field [124,125].

11. Gaps, Controversies & Prioritized Research Agenda

Despite significant progress, many questions in Rett syndrome (RTT) remain unanswered. A
critical gap exists in the identification of validated peripheral biomarkers, including blood
metabolites, cytokines, or imaging signals, which accurately reflect central nervous system (CNS)
MeCP2 function, disease progression, and therapeutic response. Although multi-omics studies have
identified promising candidates, further validation is required.45 Safe and controllable systemic
delivery of MECP2 remains essential, as recent trial failures emphasize the need to achieve functional
expression without toxicity. Approaches under investigation include non-viral vectors, precise gene-
editing techniques, and inducible or self-regulating expression systems [112]. Given the multi-
systemic nature of RTT, clinical trials should integrate endpoints beyond cognitive and motor scales,
incorporating measures such as respiratory event rates, ECG changes, gastrointestinal function, and
other peripheral assessments to comprehensively evaluate therapeutic efficacy [69,92,126].
Phenotypic heterogeneity driven by MECP2 mutation type and X-chromosome inactivation (XCI)
patterns further complicates trial design, underscoring the importance of stratification by genotype
and XCI for precision medicine approaches and predicting treatment outcomes [118,122].
Considering RTT’s lifelong trajectory, long-term follow-up and the establishment of global registries
are necessary to track disease progression, aging-related complications—including Parkinsonian
features and osteoporosis—and the real-world safety and effectiveness of both approved and
emerging therapies [34]. Research has predominantly focused on pediatric females, highlighting the
need for dedicated studies in adult females and mosaic males, who exhibit distinct clinical
trajectories, therapeutic responses, and safety considerations [55,69]. The molecular mechanisms
underlying non-neuronal pathology, including cardiomyopathy, immune dysregulation, and
gastrointestinal dysfunction, remain poorly understood and necessitate further basic mechanistic
research. Current mouse models have limitations in recapitulating human RTT, and the development
of engineered large animal or primate models is critical for translational studies and systemic
evaluation of therapies. Exploration of combination therapies integrating symptomatic and disease-
modifying treatments, as well as gene reactivation approaches to unsilence the inactive X
chromosome, offers potential for improved outcomes but remains largely untested. Equally
important are considerations of global equity in diagnostics, therapies, and trials, along with the
incorporation of patient and family input to define meaningful outcomes. Finally, ongoing
controversies include the extent of symptom reversibility and isoform-specific targeting, while
emerging priorities involve omics-based RTT subtype characterization and artificial intelligence-
driven multi-system endpoint analysis for precise therapeutic evaluation.

12. Conclusions

RTT caused by mutations in the MECP2 gene is a complex monogenic disorder that extends far
beyond the central nervous system, affecting respiratory, cardiac, gastrointestinal, skeletal, and
metabolic systems, thereby necessitating a holistic, “whole-person” perspective. MeCP2 functions as
a global epigenetic regulator, and its absence results in widespread gene expression changes;
preclinical studies have shown that restoring MeCP2, even in adulthood, can reverse disease
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phenotypes, highlighting the remarkable reversibility of RTT. The recent FDA approval of trofinetide
provides symptomatic relief and represents a historic milestone, while gene therapies hold promise
for disease modification, though clinical translation is challenged by MeCP2’s narrow therapeutic
window, necessitating precise dosage control, safe delivery mechanisms, and integration of objective
biomarkers. Effective RTT management will require combinatorial strategies addressing both central
and peripheral dysfunctions, supported by robust natural history studies, well-characterized
outcome measures, and global collaboration. By prioritizing multi-systemic clinical trials, equitable
access, and biomarker-guided interventions, the field aims not only to extend life but also to improve
communication, health, and overall quality of life, offering a tangible path toward meaningful disease
modification and potentially curative therapies.
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