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ABSTRACT

Fragile X Syndrome (FXS) is the most common inherited cause of intellectual disability and autism, affecting around 1 in 4,000
individuals globally. This review analyzes the complex neurodevelopment landscape of FXS, beginning with its genetic origin: the
expansion of CGG trinucleotide repeats (>200) in the 5-UTR of the FMR1 gene. This expansion triggers epigenetic silencing and the
subsequent loss of Fragile X Messenger Ribonucleoprotein (FMRP), an essential modulator of synaptic plasticity and neuronal mRNA
translation. Clinically, FXS presents as cognitive impairment, social phobia, and distinctive phenotypic traits, with significant phenotypic
variability between males and females. Innovation in Al-driven drug discovery, antisense oligonucleotide (ASO), and CRISPR-based
epigenome-editing therapies offers new prospects. In contrast, current management relies on behavioral interventions and symptomatic
pharmacological support. However, it is challenging to translate molecular insights into clinical efficacy. This review highlights the

urgent need for robust biomarkers and improved clinical trial designs to advance targeted therapeutic strategies for FXS.
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Introduction

Inherited disorders result from mutations or changes in DNA that are
transmitted from parents to children. These disorders arise from
abnormalities ranging from single-gene mutations to chromosomal defects.
Inheritance can follow different patterns, affecting health, growth, or
cellular function. Down syndrome, Fragile X Syndrome (FXS), and
Klinefelter syndrome are clinically important genetic disorders; however,
FXS is the focus of the present review. FXS is the most common form of
cognitive disability and autism, affecting around 1 in 4,000 individuals
globally [1,2]. In early childhood, FXS is generally associated with delayed
developmental milestones, repetitive behaviors, impaired social
interactions, and a lack of emotional control. Although FXS often involves
specific behavioral patterns, its clinical presentation varies widely among
individuals [2]. Epigenetic silencing of the FMRI gene (Fragile X
Messenger Ribonucleoprotein 1 gene) occurs in FXS when the CGG
(Cytosine-Guanine-Guanine) trinucleotide repeat in the gene’s 5’-UTR (5
prime Untranslated Region)) expands from ~50 to >200 repeats, triggering
hypermethylation of the promoter region [3,4]. The gene product of FMR1
is an RNA-binding protein that tightly regulates translation, trafficking, and
localization of numerous neuronal mRNAs (messenger RNAs) critical to
dendritic spine architecture, synaptic plasticity, and neural development
[3,5,6]. FXS has significant effects on functional abilities throughout life
but generally does not progress or worsen over time. A normal life span is
expected in FXS with no life-threatening health concerns directly related to
the syndrome itself. Receptive language abilities may be among the
strongest predictors of performance in independent daily living skills.
Adults with FXS experience a range of outcomes depending on the severity
of impairments in cognitive, communication, and social skills [7].

The loss of FMRP (Fragile X Messenger Ribonucleoprotein) and
subsequent overabundance of neuronal proteins in the patient's brain result
in a debilitating neurological phenotype. This includes impaired cognition
and social interactions, hyperactivity, attention deficits, seizures,
hypersensitivity, autistic behaviors, and autonomic dysfunction [4]. Despite
this, clinically effective therapies for human FXS are still lacking. To bridge
the gap between molecular understanding and clinical efficacy, future
research must prioritize developing robust translational biomarkers and
more objective trial outcome measures. Integration of these tools with
emerging ASO therapies and human stem cell models offers a promising
roadmap for the next generation of targeted FXS treatment.

Genetic Basis and Molecular Mechanisms

The genetic mutation linked to FXS entails an expansion of an unstable
CGG trinucleotide repeat with the 5'-UTR of the FMR1 gene [8]. This gene
is mapped on the X chromosome at position Xq27.3 and contains 17 exons
[9]. In the typical population, the number of CGG repeats ranges from
roughly 5 to 55, classified as the normal health range [1]. The intermediate
expansion (55-200 repeats) triggers an increase in FMR1 mRNA and a
moderate reduction in FMRP levels but does not rarely causes FXS [1]. It
is linked with related disorders such as Fragile X-Associated Tremor/Ataxia
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Syndrome (FXTAS) and Fragile X-Associated Primary Ovarian
Insufficiency (FXPOI) [10]. Finally, the full mutation, characterized by
over 200 CGG repeats, triggers hypermethylation and silencing of the
FMRI1 gene [1]. This epigenetic modification inhibits the transcription of
FMR1 mRNA, thereby abolishing the production of FMRP, leading to FXS.
FMRP is an RNA-binding protein ubiquitously expressed in the brain,
especially in regions associated with learning and memory, including the
hippocampus and cerebral cortex. One of the key downstream effects of
FMRP deficiency is the abnormal development of dendritic spines, which
are small outgrowths on the dendrites of neurons where synapses form [1].
Clinical Manifestations, Diagnosis, and Prognosis

FXS arises in full mutation carriers of both sexes due to the lack of
functionality of FMRP, the protein product of FMR1. Because FMRP
regulates translation, its absence causes dysregulation of hundreds of
proteins. This disrupts synaptic plasticity and connectivity in the developing
brain, resulting in intellectual disability (ID) and other clinical features of
the syndrome. In addition to variable ID presentation, ADS (autism
spectrum disorder) co-occur in 60% of males and 20% of females with FXS
[11]. A well-documented psychiatric profile adds to the clinical complexity
of FXS, including general anxiety, social avoidance, and hyperactive
behaviors. During childhood, FXS patients also frequently developed
comorbid conditions such as seizures, recurrent otitis media, strabismus,
and obesity. FXS's physical features include an elongated face, broad
forehead, high palate, prominent ears, hyperextensible finger joints, flat
feet, and macroorchidism that develops during and after puberty. Because
females have an unaffected X chromosome, their phenotype differs from
that of males. Cognitive function in females with FXS is distributed roughly
equally: 30% have 1Qs <70, 30% fall in the borderline range, and 30% have
1Qs above 80 in the normal range [11]. Across all three groups, anxiety and
attention problems can still occur. However, patients with FXS share a
typical life expectancy.

Current Management Approaches and Therapeutic Challenges
Presently, two approaches are being considered for substantial FXS
treatment: (a) reactivation of the affected gene and (b) compensating for the
lack of FMRP [12]. Restoring FMR1 gene activity is one strategy, based on
the fact that the intact FMR1 coding sequence remains present. It targets
potentially reversible epigenetic changes, mainly DNA methylation. Both
adolescents and adults with FXS are currently enrolled in two large
multicenter controlled clinical trials of mGIluR (metabotropic Glutamate
Receptor) antagonists, followed by up to 2 years of open-label continuation
[1,12]. mRNA destabilization of GABA (Gamma-Aminobutyric Acid)
receptor subunits also contributes to downregulation of the GABA receptor
system in FXS. Arbaclofen, the R-isomer of Baclofen, underwent a
controlled trial in 63 FXS patients between 6 and 40 years of age [12].
Efficacy was demonstrated specifically in patients with FXS plus ASD and
FXS plus low sociability. Modulating dysregulated protein levels is another
way to regulate impaired plasticity in FXS [2]. Beyond drugs, an enriched
environment has been shown to improve multiple cellular and behavioral
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deficits. In patients, cognitive and behavioral therapies combined with
educational stimulation have proven effective for building self-care, social,
and adaptive skills, which in turn greatly improve family quality of life in
their specific contexts.

Innovations and Future Perspectives

Although molecular mechanisms of FXS are now well understood, turning
those insights into effective treatments is still difficult [13]. Delivering gene
therapy components to the brain adds another major hurdle. Current
strategies include Al-driven multi-drug therapies that use machine learning
to find synergistic drugs targeting multiple pathways. Gene therapy aimed
at restoring FMR1 function is also gaining traction, especially AAV-based
(Adeno-Associated Virus) approaches designed to correct the underlying
molecular deficit [14]. Recent CRISPR-based (Clustered Regularly
Interspaced Short Palindromic Repeats) genome and epigenome editing has
opened new options for reactivating FMR1. Unlike the first two genome-
editing studies, the third study prioritizes reversing epigenetic silencing of
FMRI1 without editing the CGG repeat extension. ASO therapy (Antisense
Oligonucleotide Therapy) targeting the FMR1-217 isoform uses a short
complementary DNA sequence to bind and block the abnormal transcript
[1]. The blood-brain barrier restricts the distribution of therapeutic agents,
including viral vectors, to impacted brain regions.

Research into targeted FXS treatments is ongoing. Phase III results for
cannabidiol gel and zatolmilast are expected soon. Another arbaclofen trial
is also being planned. Optimism for these new targeted therapies is high,
but that optimism is balanced by repeated negative clinical data for mGluR5
antagonists [15]. Improving future trial success will depend on several
changes. Researchers will need alternative models, such as rats and human
stem cell systems. They will also need stronger use of translational
biomarkers. Better trial design requires more objective outcome measures
that are appropriate for people with FXS. These measures reduce statistical
variance. They are also less affected by the large placebo effects seen in
trials so far. Genetic therapies for FXS are still preclinical. Community
interest in them remains strong. They are expected to play a major role in
the next wave of FXS targeted trials.

Conclusion

FXS represents a significant clinical challenge distinguished by a well-
defined molecular basis but limited therapeutic options. The loss of FMRP
leads to systemic dysregulation of neuronal proteins, disrupting the delicate
balance of synaptic connectivity essential for learning and memory. While
decades of research have elucidated the FMRI silencing mechanism,
clinical trials for targeted agents, such as mGluR5 antagonists, have faced
significant hurdles. Moving forward, the field is shifting toward innovative
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genetic and epigenetic interventions, including CRISPR-mediated gene
reactivation and viral-mediated gene therapy. Success in these endeavors
will require a paradigm shift in clinical methodology, emphasizing the use
of human at-scale cell models, translational biomarkers, and objective
outcome measures to minimize placebo effects. Despite past setbacks, the
integration of advanced biotechnology and refined trial designs provides a
promising path toward restorative treatments that could substantially
enhance the quality of life for individuals and families affected by FXS.
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