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Abstract: Facioscapulohumeral Muscular Dystrophy (FSHD) is a genetic disorder characterized by
progressive muscle weakness, primarily affecting the facial, shoulder, and upper arm muscles. In
this literature review, we examined the available treatments for FSHD, covering established methods
and experimental approaches. We began with an overview of pharmacological treatments,
emphasizing the importance of physical therapy and rehabilitation in maintaining muscle strength,
improving mobility, preventing contractures, and respiratory therapy for severe cases. We also
explored exercise interventions, addressing the debate surrounding exercise in FSHD patients, and
highlight the possible benefits of aerobic and strength training, as well as ongoing research into safe
exercise protocols. Additionally, the use of assistive devices and orthotics, such as braces and
mobility aids, is discussed, along with surgical interventions like scapular fixation surgery and
corrective procedures for foot drop. Emerging therapeutic strategies, including gene therapy
focusing on DUX4 silencing and CRISPR-Cas9 technology, were evaluated. The potential of
antisense oligonucleotides and myostatin inhibitors was reviewed, along with the challenges and
ethical considerations associated with cell-based therapies. We aimed to inform researchers and
advance treatment strategies for FSHD patients.
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1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is a genetically inherited neuromuscular disorder
that follows an autosomal dominant inheritance pattern[1]. It is regarded as the third most common form
of muscular dystrophy, with an estimated prevalence of 1 in 20,000 people worldwide [2]. This
progressive condition predominantly affects the muscles of the face (facio), shoulders (scapulo), and
upper arms (humeral), although it may also involve muscles in the legs, hips, and abdomen as the disease
advances [1]. Whilemost patients experience gradual and asymmetric muscle weakness, the severity and
progression can vary widely. In some individuals, FSHD manifests early in life and progresses rapidly,
while others may remain relatively unaffected until late adulthood. In addition to muscle weakness, non-
muscle symptoms such as retinal vascular abnormalities, hearing loss, and chronic pain are reported in
some cases [1]. Regardless of the presenting symptoms, the disease poses significant challenges to the
affected individuals, impacting their quality of life, physical abilities, and functional independence.

The pathogenesis of FSHD has been closely linked to aberrant expression of the DUX4 gene, a
toxic protein product that becomes inappropriately active in muscle cells due to deletions in the D4Z4
macrosatellite repeat on chromosome 4 [3]. Understanding this genetic basis has been pivotal in
advancing research on FSHD, particularly in the exploration of potential gene therapies. However,
despite these advances, the therapeutic landscape for FSHD needs to be developed, with no approved
disease-modifying treatments currently available. Management of FSHD is often multidisciplinary,
focusing on symptomatic relief, functional maintenance, and slowing the progression of disability [4].
This disease’s progressive nature and variability in severity pose unique emotional and social
challenges for patients and their families, emphasizing the need for comprehensive care approaches.
FSHD diagnosis is established primarily through molecular genetic testing, which reveals two subtypes
of FSHD. FSHDI1, which accounts for about 95% of cases, is caused by heterozygous pathogenic
contraction of the D4Z4 repeat array on chromosome 4q35 permissive haplotype [1]. On the other
hand, FSHD2, which accounts for the other 5% of cases, is caused by hypomethylation of the D474
repeat array on chromosome 4q35 permissive haplotype, because of either a heterozygous SMCHD1
mutation or a heterozygous DNMT3B mutation [1].

Here, we seek to comprehensively examine the current treatment options available for FSHD,
evaluating both established and experimental approaches. One of the core aspects of FSHD
management involves physical therapy, which plays a critical role in preserving muscle strength and
preventing contractures [5]. Though once controversial due to concerns about exacerbating muscle
damage, exercise has emerged as a promising area of research, with researchers exploring its potential
to enhance mobility and quality of life for patients with FSHD. Pharmacologic treatments are another
key focus. Various drugs are being investigated for their ability to target the underlying
pathophysiology, such as inflammation, muscle atrophy, and gene regulation [6].

Beyond conventional interventions, we also explore emerging therapies, including gene-
targeted approaches and antisense oligonucleotides [7]. Advances in these fields may offer new hope
for slowing or halting disease progression. In addition to these interventions, the roles of assistive
devices, orthotics, and surgical options are discussed as they contribute to the holistic management
of FSHD [8]. By synthesizing the latest research, we aim to provide a comprehensive resource that
can guide future investigations and ultimately contribute to the development of more effective,
targeted therapies for individuals living with FSHD.
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1.1. Current landscape of FSHD treatments
1.1.1. Pharmacological treatments

Anti-inflammatory agents (e.g., corticosteroids). Since inflammation is typically seen in FSHD
patients, corticosteroids have been investigated in the past to determine whether their use can help
alleviate FSHD symptoms, similar to their use in managing Duchenne muscular dystrophy. Tiwali et
al. performed a pilot, open-label trial of prednisone in eight subjects fulfilling strict diagnostic criteria
for FSHD (Table 1) [9]. The participants were prescribed prednisone (1.5 mg/kg/day; maximum 80
mg/day) for 12 weeks. However, no significant changes were observed in muscle mass or strength at
the end of the study period. Thus, the study suggests that alternative therapeutic approaches must be
explored and that researchers should focus on more targeted treatments that address the underlying
genetic and molecular mechanisms of FSHD.

Antioxidants and supplements (e.g., vitamin C, vitamin E, CoQIl0, zinc gluconate, and
selenomethionine). Given the growing evidence that oxidative stress influences FSHD pathology,
researchers evaluated antioxidant supplementation with vitamins and minerals to determine its
potential in reducing free radical formation and its impact on muscle function in patients with FSHD.

A pilot randomized double-blind placebo-controlled study was conducted by Passerieux et al. to
assess the effects of vitamin C, vitamin E (as alpha-tocopherol), zinc gluconate, and selenomethionine
in FSHD patients [10]. Subjects were randomized to receive 500 mg of vitamin C, 400 mg of vitamin
E, 25 mg of zinc gluconate, 200 pg selenomethionine (n = 26), or a matching placebo (n = 27) once a
day for 17 weeks. After the study period, they reported that with oral supplementation of the
antioxidant mix, the experimental group showed a significant difference in maximal voluntary
contraction (MVC) and endurance limit time (Tlim) of the quadriceps compared to the placebo group.
It was also noted that antioxidant levels and oxidative stress markers improved significantly with
supplementation. Additionally, the supplements enhanced quadriceps function by increasing
antioxidant response and reducing oxidative stress but had no significant impact on the two-minute
walking test (2-MWT). The authors also emphasized the need for an exercise protocol for FSHD
patients that may provide important insights into its effects on oxidative stress and inflammation
markers. Given the scarcity of research, further studies are warranted to support the potential of
antioxidants as a treatment option for FSHD patients.

Drugs targeting muscle atrophy (e.g., beta-agonists). Beta-2 adrenergic agonists are mostlyused as
a bronchodilator for asthma and other respiratory conditions and are not typically a first-line treatment
for FSHD. However, there has been some interest in exploringits potential for improving muscle strength
in FSHD since animal and human studies show that 32-adrenergic agonists produce anabolic effects on
skeletal muscles [11-13]. The results of several clinical trials have been mixed, with some studies
suggesting modest benefits in muscle strength, while others show minimal or no effect.

In a randomized, double-blind, placebo-controlled trial of albuterol in facioscapulohumeral
dystrophy, 90 participants were randomized to three groups: placebo, 8.0 mg albuterol twice daily, or
16.0 mg albuterol twice daily [14]. After one year of treatment, no significant differences were
observed between the groups in maximum voluntary isometric contraction (MVIC) scores or strength
measured by manual muscle testing (MMT). However, the treatment group did show a significant
increase in grip strength, p = 0.03. Additionally, the high-dose group demonstrated a significant
increase in lean mass by DEXA compared to placebo (p = 0.007). Albuterol was well tolerated, and
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side effects that were reported included cramps, tremors, insomnia, and nervousness. In a similar study
design, van der Kooi et al. reported that after supplementation of sustained-released 8 mg albuterol
twice a day for 26 weeks to FSHD patients, albuterol did not improve global strength or function.
However, it increased muscle mass and improved some strength measures [15]. In 2009, Payan et al.
conducted a placebo-controlled, double-blind, randomized study at three neuromuscular disorder
centers with 112 ambulatory patients aged 18 to 60 with genetically confirmed FSHD. The participants
were divided into two groups (n = 56) and given either a sustained-release oral salbutamol dose of 16
mg daily or a placebo. The results showed no significant improvement in muscle strength or motor
function with salbutamol compared to the placebo. They concluded that salbutamol should not be
considered a routine treatment for FSHD, though potential anabolic effects warrant further
investigation [16]. Based on the literature, the use of albuterol in FSHD is relatively rare, and further
research is needed to determine its efficacy as a treatment option for FSHD.

Experimental drug trials (e.g., losmapimod). Currently, there are no approved disease-modifying
treatments available for FSHD. To address this unmet need, losmapimod, a small molecule that inhibits
p38a MAPK and p38B MAPK, was assessed for its safety and efficacy by Tawil et al. [17]. They
conducted a randomized, double-blind, placebo-controlled phase 2b trial at 17 neurology centers
across Canada, France, Spain, and the United States. The study included 80 adults ages 18 to 65 with
a diagnosis of FSHD1 who were randomly assigned to receive either oral losmapimod (15 mg twice
daily) or a placebo for 48 weeks. The primary endpoint was assessing the change in DUX4-driven
gene expression in skeletal muscle biopsies using quantitative RT-PCR at week 16 or 36. Results
showed no significant difference in changes in DUX4-driven gene expression between the losmapimod
and placebo groups (p = 0.56). In addition, no adverse events were reported during the study. Despite
these results, a Phase 3 study for losmapimod in adults was planned due to the improvements in muscle
fat infiltration, the measure of shoulder girdle function, and patient-reported global impression of
change compared with placebo. However, as of September 2024, the pharmaceutical company
conducting the Phase 3 REACH trial on losmapimod suspended its development since it did not
demonstrate any significant change from baseline in Reachable Workspace Analysis (RSA) with
losmapimod compared to the placebo treatment [18]. The study results show that those who were
allocated losmapimod had a 0.013 (£0.007) improvement in RSA at week 48 compared to placebo
patients who showed a 0.010 (£0.007) improvement in RWS (p-value = 0.75). As for Muscle Fat
Infiltration (MFI) measured via Magnetic Resonance Imaging (MRI), subjects who received
losmapimod had an increase of 0.42% in MFT at week 48 compared to participants receiving a placebo
who showed an increase of 0.576% in MFI (p-value = 0.16). These results highlight the ongoing
challenge of developing an effective treatment for FSHD.

Other innovative approaches, such as Avidity’s emerging RNA-targeted therapies, offer new
possibilities for addressing the underlying genetic mechanisms of the disease [ 19]. Avidity’s delpacibart
braxlosiran (del-brax)is the firstinvestigational therapy designed to treat FSHD by targeting the abnormal
expressionof DUX4. Early findings of the phase 2 trial suggestthat del-brax could significantly decrease
DUX4 gene expression, as it showed an average reduction of over 50% in DUX4 expression and a 25%
decrease in DUX4-related proteins after four months of treatment. The del-brax group also demonstrated
improvements in muscle strength and function compared to the placebo group. In addition, after drug
supplementation, creatine kinase levels werereduced, indicating a decrease inmuscle damage. While these
findings are preliminary, it is unclear how this drug can impact FSHD symptoms. Ongoing research is
crucial to determine these preliminary results’ long-term efficacy and clinical significance.
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1.2. Physical therapy and rehabilitation

Physical therapy is a critical component of the multidisciplinary approach in the management of
FSHD, often involving an initial interview to gauge the patient’s functional deficits, such as activities
of daily living and movement capabilities, as well as manual assessment of musculoskeletal symptoms
(joint amplitude, strength, posture, gait, balance, and tone scoring). The severity of the disease course
informs the frequency and rigor of future, goal-oriented physical therapy, which may include
contracture-opposed stretching, assistance with active and passive muscle movement, and analgesic
massages [20]. High-intensity regimens that overwork the body and cause prolonged muscle soreness
should generally be avoided; instead, emphasis should be placed on strengthening the core, balance,
joint flexibility, energy maintenance, and endurance through gradual activities such as sit-to-stand
transfers, floor transfers, or alternative types of exercise such as yoga, Pilates, and hydrotherapy [21].
As musculoskeletal pain is often a significant symptom in FSHD, nonsteroidal anti-inflammatory
medications, along with anticonvulsants or antidepressants, may be considered; however,
consultation with a physical therapist is recommended to give patients a greater understanding of
physiological pain mechanisms and establish a mild-moderate training program individualized to
the patient’s capabilities [22]. Strength-enhancingphysical therapy in the treatment of FSHD and other
neuromuscular disorders has demonstrated limited improvements in mean torque, strength, and
endurance with repeated isotonic flexion and extension of the knee, elbow, trunk, hip, and shoulder in
early research studies [23—25]. While recent systematic analyses have not demonstrated significant
benefits from these kinds of strength-based exercise regimens broadly in FSHD, they may factor into
the interdisciplinary approach of the disease and have shown success in case studies [26,27]. As such,
physical therapy remains one of the modalities to address fatigue, pain, and functional decline in
patients with FSHD.

1.3. Exercise interventions

There has been long standing controversy regarding exercise interventions in FSHD, as concerns
about exacerbating muscle damage have made clinicians cautious in prescribing physical activity.
Despite these concerns, studies suggest that carefully structured exercise regimens can offer benefits,
provided the interventions are designed with safety and disease progression in mind.

1.3.1. Controversy over exercise in FSHD patients

Muscular dystrophy in general, including FSHD, leads to significant muscle loss and weakness,
which has historically raised doubts about the safety of exercise in these populations. A systematic
review and meta-analysis by Gianola et al. highlighted this uncertainty, finding no significant
improvements in muscle strength for patients with FSHD who engaged in exercise, though there were
modest improvements in endurance during walking [28]. The study emphasizes that while some
functional gains are observed, the impact on muscle strength remains limited, underscoring the need
for further research to determine optimal exercise types for these patients.
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1.3.2.  Benefits of aerobic and strength training

While the concern over potential muscle damage persists, research supports the safety and
efficacy of certain exercise protocols in FSHD patients. A six-month randomized controlled trial
(RCT) by Bankolé et al. demonstrated significant improvements in aerobic capacity, muscle
strength, and walking distance in patients who participated in a home-based cycling regimen that
combined strength and interval training [29]. Importantly, this study revealed no worsening of the
dystrophic muscle pathology, suggesting that such interventions can enhance quality of life without
further muscle degradation. Similarly, another study by Olsen et al. found that a 12-week program
of low-intensity aerobic exercise improved maximal oxygen uptake in FSHD patients, further
supporting the safety of aerobic training for improving endurance and overall exercise performance
without causing harm [30].

1.3.3. Ongoing research on safe exercise protocols

Ongoing research continues to refine our understanding of the role of physical activity in FSHD
management. A retrospective study by Bettio et al. found that individuals with FSHD who engaged in
physical activity at a young age exhibited less severe clinical presentations of the disease later in life,
suggesting that early exercise interventions may slow disease progression [31]. This finding aligns
with the growing consensus that controlled physical activity can benefit FSHD patients, but the need
for individualized and carefully monitored exercise protocols remains paramount. Developing such
protocols will require further trials to better understand the long-term effects and identify which types
of exercise provide the most benefit with the least risk.

1.4. Assistive devices and orthotics

Assistive devices are used to enhance mobility, improve daily function, and reduce fatigue in
individuals with FHSD. Orthoses are used to support muscles affected by the disease. These include
ankle-foot orthoses (AFO), floor reaction ankle-foot orthoses (FRAFO), and knee-ankle-foot orthoses
(KAFO), depending on the severity of the muscle weakness [32]. An AFO is quite effective for foot
drop; however, in patients with quadriceps atrophy, a simple AFO could ergonomically hinder gait due
to weakened knee extension [33]. Using a FRAFO or KAFO for advanced quadriceps involvement
can alleviate these ergonomic issues. Advancements in ease of application and lighter materials will
make it easier for patients to use orthoses [34]. Braces or casts for winging scapula and shoulder
dysfunction also exist; however, the benefits of their use are unclear [8]. Additionally, although
stabilization is important, the risk of prolonged immobilization can lead to further muscle loss,
dysfunction, and brachial plexus compression.

1.5. Surgical interventions
1.5.1.  Scapulothoracic arthrodesis in FSHD

For FSHD patients experiencing severe scapular winging due to progressive muscle weakness,
Scapulothoracic Arthrodesis (STA) is the primary surgical treatment. STA stabilizes the scapula to
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improve shoulder mobility, allowing muscles like the deltoid and supraspinatus to function more
efficiently during shoulder abduction and flexion. Various techniques, including multifilament cables
and cerclage wires, have been used successfully, showing improved shoulder elevation and quality of
life post-surgery. For instance, one study demonstrated that postoperative shoulder flexion improved
from 71° to 109°, and the UCLA Shoulder Score increased from 18.4 to 27.9, indicating significant
functional gains [35].

However, STA can present complications, such as pulmonary issues or wire breakage. Proper
patient selection and a multidisciplinary team, including neurologists, geneticists, and orthopedic
surgeons, are essential for minimizing risks. Other surgical options, like tendon transfers, address
FSHD-related foot drop or facial weakness, with functional and cosmetic improvements evaluated on
a case-by-case basis [32].

1.5.2.  Gold-weight implantation for FSHD-related lagophthalmos

FSHD-related facial muscle weakness can lead to lagophthalmos, a condition in which patients
are unable to fully close their eyelids. This condition poses a risk of corneal damage due to inadequate
eyelid closure and exposure to environmental irritants. Traditional treatments such as tarsorrhaphy or
prosthetic devices are often associated with complications, including infection, extrusion, and
unsatisfactory cosmetic outcomes.

Gold-weight implantation in the upper eyelid has emerged as a potential intervention for
paralytic lagophthalmos in FSHD, offering both functional and cosmetic benefits. The weight assists
in eyelid closure using gravity to compensate for weakened eyelid muscles. In a case study involving
a 64-year-old woman with FSHD, gold-weight implantation successfully corrected severe
lagophthalmos, resulting in complete eyelid closure, improved blinking, and enhanced ocular
comfort. The procedure was also associated with significant cosmetic improvements and no major
postoperative complications [36]. Given its simplicity, reversibility, and low complication rate, gold-
weight implantation is a reliable early intervention for preventing corneal damage in patients with
FSHD-related facial muscle weakness.

2. Emerging therapeutic approaches

As research advances in the field of FSHD, a variety of innovative therapeutic strategies are
being explored to target the disease’s complex biological mechanisms. Collectively, these
emerging therapeutic approaches represent a multifaceted effort to address the underlying causes
of FSHD and improve patient outcomes. Ongoing clinical trials for FSHD treatments are
summarized in Table 1.
2.1. Gene therapy and genetic approaches
2.1.1. DUXA4 silencing techniques

FSHD results from the abnormal expression of DUX4, a transcription factor encoded within the

D474 repeat region on chromosome 4. Except for the testis and thymus, DUX4 expression is repressed
in adult tissues by epigenetic silencing of the D4Z4 repeat arrays [37]. FSHD results from the loss of
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this epigenetic repression, either due to contraction of the D4Z4 array (FSHD type 1, 95% of patients)
or mutations in genes involved in maintaining repression via structural maintenance of chromosomes,
such as SMCHDI1 (FSHD type 2, 5% of patients) [38,39].

This leads to the inappropriate expression of DUX4 in muscle cells, contributing to progressive
muscle degeneration.

Research has highlighted the role of various pathways, particularly the p38 MAPK and JNK signaling
pathways, contributing to DUX4-driven muscle degenerationin FSHD. The MAP kinases are categorized
into three primary families in mammals: ERKs (extracellular-signal-regulated kinases), JNKs (Jun amino-
terminal kinases), and p38/SAPKs (stress-activated protein kinases) [40]. Given that p38 signaling can
cause apoptosis, studies have investigated whether inhibiting this pathway could prevent DUX4 -mediated
cell death. In this context, losmapimod, a p38a/f inhibitor being evaluated in the aforementioned Phase 2b
trial by Tawil et al. (NCT04003974), has shown promise in this regard (Table 1) [17].

In conjunction with studies of losmapimod, researchers have also focused on the JNK pathway.
Notably, multiple peptides of the c-Jun (Jun) transcription factor, which serves as the substrate for INK,
were identified among the most phosphorylated peptides following DUX4 induction. The compound
SP600125 has emerged as a candidate for further research due to its high selectivity for JNK and
inhibiting phosphorylation of Jun; it exhibits approximately 20-fold selectivity over other kinases and
a 300-fold selectivity compared to related MAPKs like ERK and p38 [41]. These specific therapeutic
targets warrant further investigation to produce outcomes that can have a broader impact and ultimately
improve the prognosis for individuals with FSHD.

2.1.2.  CRISPR-Cas9 and other gene editing technologies

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
protein (Cas)9-mediated genome modification enable rapid and efficient editing of the genomes
of various organisms, making it an increasingly popular tool for biological and therapeutic
applications [42]. This technology offers a groundbreaking approach to address the underlying
genetic cause of FSHD by directly targeting the D4Z4 repeat region responsible for DUX4
activation. Inherent to the widespread mechanism of CRISPR-Cas9 on the human genome, precise
delivery to affected muscle tissues and concerns regarding off-target effects remain significant
challenges. An additional challenge for FSHD is the repetitive nature of D4Z4 sequences; the presence
of multiple CRISPR-Cas9 binding sites can lead to multiple DNA breaks along the locus [43]. This not
only increases the risk of off-target effects, but also dilutes the editing efficiency at the intended site.

The first use of the CRISPR system in FSHD was reported in 2016, when Himeda et al.
utilized an inhibitor fused to a “dead” Cas9 (dCas9) to target the DUX4 promoter in FSHD
myoblasts. They distinguished two primary strategies for CRISPR-based DUX4 silencing:
CRISPRe, which modifies genomic sequences using a functional Cas9, and CRISPRi, which
utilizes an inactive (“dead”) Cas9 to inhibit gene expression without altering the DNA sequence.
This CRISPRi approach effectively repressed DUX4 expression and its associated target genes at
the D4Z4 locus [44]. Building upon these insights, a 2019 study by Goossens et al. further
advanced the use of CRISPR technology by employing whole exome sequencing and
CRISPR/Cas9 genome editing to repair a pathogenic SMCHDI gene variant in patient-derived
myoblasts, thereby providing a proof-of-concept for the feasibility of CRISPS/Cas9 as a targeted
therapeutic strategy for FSHD [45].
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In 2021, subsequent studies began to specifically address the off-target effects associated with
CRISPR/Cas9 applications. Srikova et al. demonstrated a CRISPR/Cas9 editing strategy that
utilized novel editing to modify the DUX4 locus while avoiding DNA double-strand breaks. They
detected only around three sites that were edited in an off-target fashion, albeit to a much lesser
extent than the intended target. This study illustrated a targeted approach with a high level of
specificity, presenting a more efficient pathway to modulate gene expression without introducing
excessive unwanted mutations [43]. Concurrently in 2021, Himeda et al. extended their 2016 usage
of dCas9 by fusing it to epigenetic regulators to achieve stable repression of DUX4 expression
with minimal off-target effects observed in FSHD myocytes, demonstrating its potential as a viable
therapeutic option [46].

Table 1. Ongoing clinical trials for FSHD treatments as of November 2024.

Clinical trial Phase  Number of Population Trial period Key clinical findings

registration patients

number enrolled

NCT05747924 2 76 18-65 years 12 months  Improved muscle strength in

[47] old FSHD both upper and lower limbs

patients and reachable workspace

when compared to the
placebo.

NCT05397470 3 260 18-65 years 48 weeks Losmapimod failed to show

(Losmapimod) old FSHD an improvement in relative

[48] patients surface area (RSA), a
measure of reachable
workspace (RWS), versus
placebo at week 48.

NCT04264442 2 76 18-65 years 48 weeks No results posted

(Losmapimod) old FSHD

patients

NCT05548556 2 48 18-65 years 52 weeks No results posted

(RO7204239: old FSHD

humanized patients

monoclonal

antibody)

NCT06222827 2 40 18-65 years 96 weeks No results posted

(satralizumab: old FSHD1

IL6-receptor patients

antagonist)
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Clinical trial Phase  Number of Population Trial period Key clinical findings
registration patients

number enrolled

NCTO05747924 172 100 16-70 years 12 months ~ DUX4-regulated gene
(AOC 1020) old FSHD expression in muscle
[49] patient showed mean

reductions >50% across
multiple panels.

All participants treated with
AOC 1020 showed >20%
reductions of DUX4-
regulated genes.

Participants showed >25%
reductions in levels of novel
circulating biomarkers and
creatine kinase.

Participants showed
functional improvement
trends, including increased
upper and lower limb muscle
strength and muscle function,
compared to placebo and the
ReSolve natural history study.
Patient and clinician-
reported outcomes showed

trends of improvement.

NCT06131983 1/2a 60 18-70 years Up to 360 No results posted
(ARO-DUX4) old FSHD1 days
patients

2.2. Antisense oligonucleotides (ASOs)

Antisense oligonucleotides (ASOs) represent a promising therapeutic approach for genetic
disorders like FSHD by targeting the underlying genetic abnormalities responsible for the disease.
ASOs are short, synthetic strands of nucleotides designed to bind specifically to messenger RNA
(mRNA) transcripts, thereby modifying gene expression [50]. In FSHD, ASOs are engineered to target
the toxic DUX4 mRNA, which is aberrantly expressed due to chromosomal deletions on 4q35 [51].
The DUX4 gene is typically silent in healthy individuals, but becomes inappropriately activated in
muscle cells in patients with FSHD [52]. This inappropriate activation leads to muscle cell death and
progressive muscular dystrophy. By binding to the DUX4 mRNA, ASOs can prevent its translation
into the toxic DUX4 protein, thereby reducing its detrimental effects on muscle tissue. These ASOs
work through various mechanisms, including promoting mRNA degradation via RNase H-mediated
cleavage, sterically blocking the ribosome’s ability to translate the mRNA, or modulating splicing
patterns [53]. The ultimate goal of ASO therapy in FSHD is to reduce the production of the toxic DUX4

AIMS Neuroscience Volume 12, Issue 2,291-311.



301

protein, thereby halting or slowing muscle degeneration. These findings have generated considerable
interest in the potential of ASOs to become a disease-modifying treatment for FSHD, especially given
the success of ASO therapies in other neuromuscular diseases, such as spinal muscular atrophy (SMA)
and Duchenne muscular dystrophy (DMD) [54].

Preclinical studies have demonstrated the potential of ASOs to modulate DUX4 expression and
mitigate muscle damage in FSHD models. In vitro studies using muscle cells derived from FSHD
patients have shown that ASOs can effectively reduce DUX4 mRNA and protein levels, leading to
improved cell survival and reduced cytotoxicity [55]. These promising findings have encouraged
further investigation into ASO-based therapies for FSHD. In animal models, ASOs have been shown
to suppress DUX4 expression and ameliorate muscle pathology [56]. Studies have indicated that local
delivery of ASOs into affected muscles can significantly reduce DUX4 activity, leading to
improvements in muscle function and a decrease in muscle inflammation [57]. These findings
underscore the potential for ASOs to serve as a disease-modifying therapy for FSHD by targeting the
root cause of the disorder. In another study, U7-small nuclear RNA (snRNA) antisense expression
cassettes (U7-asDUX4) were developed to inhibit DUX4 expression in FSHD, offering a potential
gene therapy approach that may require only a single administration and could be combined with other
therapies to enhance DUX4 silencing [58].

Ongoing research aims to optimize the delivery methods of ASOs so that there is efficient
distribution to the skeletal muscles, which are the primary tissues affected in FSHD [ 59]. Furthermore,
researchers are focused on improving the stability and specificity of ASOs to minimize off-target
effects and ensure long-term efficacy [60]. The ability to deliver ASOs systemically, rather than
through localized injections, is also a critical area of development [57]. Initial studies have
demonstrated that ASOs can effectively reduce DUX4 expression in vitro and in animal models,
providing a foundation for further therapeutic exploration. While much work remains to be done, the
initial research provides a strong rationale for pursuing ASOs as a treatment for this untreatable disease.
If these early findings are translated successfully into clinical trials, ASO therapies could mark a
significant advancement in FSHD treatment, offering hope for patients by directly addressing the
molecular mechanism of their condition.

2.3. Myostatin inhibitors

Myostatin is a member of the TGF- family of growth factors that acts as a negative regulator of
muscle growth. Myostatinis a dimer that, in its latent form, is bound to its own inhibitory prodomain.
When this prodomain is cleaved, the myostatin dimer becomes active and binds to a heterodimer
receptor in the cell membrane, which after activation, leads to phosphorylation of Smad2/3, recruiting
Smad 4 to form a Smad heterocomplex. This heterocomplex then reaches the nucleus, where it
regulates transcription [61]. Due to its ability to control muscle growth, inhibiting myostatin offers a
potential option in the treatment of muscle-wasting disorders [62]. Prior trials for myostatin inhibitors
have displayed safety in use for patients with muscular dystrophies; however, they have not displayed
significant clinical benefits to warrant active treatments. One phase II study in 2019, conducted by
Acceleron Pharma, entailed the nonselective myostatin inhibitor, ACE-083 [63]. ACE-083 is a
modified follistatin-Fc fusion protein that binds to myostatin [64]. In the first part of the study, the
researchers examined 23 patients who received escalating doses of ACE-083 via intramuscular
injection into either the biceps or tibialis anterior at three-week intervals for three months. This study
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demonstrated the safety profile of ACE-083, except for some injection site reactions, myalgias, and
one incidence of lower extremity muscle swelling [65]. It was found that contractile muscle mass was
increased by greater than 15% in the highest dose cohorts. The second part of the study was a
randomized double-blind placebo-controlled study of the optimal dose, which was delivered
intramuscularly to 56 patients at an interval of three weeks for six months [63]. The primary outcome
measured for this part of the study was the change from the baseline of muscle volume, which would
be measured via MRI. The results for this study are not publicly available; however, Acceleron has
stated that the primary objective of increased muscle mass was achieved, but the measures of muscle
function did not demonstrate clinical significance, ultimately terminating ACE-083 as a possible
therapeutic option for FSHD treatment [66].

Before the Acceleron study, other myostatin inhibitors had been studied for their effect on
muscular dystrophies. Wyeth Pharmaceuticals studied Stamulumab (MYO-029) in muscular
dystrophies, establishing safety parameters, but were unable to establish significant improvement due
to the study being underpowered [67]. Another study conducted by Acceleron examined the use of
ACE-031, which is an ActRIIB-Fc fusion protein. ACE-031 demonstrated unacceptable side effects of
gum and nose bleeds in addition to facial telangiectasias, leading to the termination of the trial [68].
Another trial conducted by Pfizer studied Domagrozumab, a neutralizing monoclonal antibody to
myostatin, which had been shown to increase muscle mass in mice. Domagrozumab had been
demonstrated to be safe and well tolerated in patients with DMD; however, it did not prove to be
clinically effective, as demonstrated by there being no statistically significant difference in patients
doing a four-stair climb between Domagrozumab and placebo [69]. While Domagrozumab did not
clinically improve symptoms in patients with DMD, there may be potential for patients with FSHD,
and additional studies may be required to determine its effectiveness.

An ongoing phase Il trial by Hoffmann-La Roche is currently looking at the effects of RO7204239
against a placebo in people with FSHD. RO7204239 is an experimental anti-myostatin antibody that has
been shown to block myostatin activity. The trial will examine the safety profile of RO7204239
compared with a placebo, utilizing MRI scans of thigh muscles after a 52-week course of treatment [ 70].
The results of this study can pave the way for additional studies to further assess the clinical
effectiveness of RO7204239 and its possible use in the treatment of FSHD.

2.4. Cell-based therapies

Stem cell therapy is another potential avenue to explore in the context of FSHD treatment. The
stem cells would be used to generate healthy myofibers with the DUX-4 gene inhibited or removed.
These myofibers can then be used to replace diseased cells with healthy cells. Azzag et al. conducted
a study utilizing pluripotent stem cells (PMC) in mouse models expressing DUX4. The results showed
that transplanting healthy cells contributed to muscle regeneration and the implanted myofibers
counteracted the DUX-4-induced fibrosis and led to increased muscle strength. These results indicate
the potential of stem cell treatment for FSHD and emphasize the need for further studies examining
the safety of PMC treatment in humans and clinical effectiveness in patients with FSHD [71].

Itis important to consider the ethical considerations for stem cell treatment, such as its availability
to patient populations. Treatments of this nature are likely to be costly and impose a source of financial
burden upon patients. If this treatment modality is to be implemented, it would be worthwhile to find
more effective ways to carry out this treatment, which can lower costs and save patients time. The
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current scope for stem cell therapy in the treatment of FSHD is limited and will need additional
research to properly implement safely in humans.

3. Multidisciplinary management of FSHD
3.1. Role of occupational therapy

Occupational therapy (OT) plays a crucial role in supporting individuals with FSHD by
addressing the multifaceted challenges they face in daily living [72]. OT enhances quality of life by
focusing on activities of daily living (ADLs), instrumental activities of daily living (IADLs), health
management, and social participation [73]. Patients with FSHD often experience pain and fatigue,
which can significantly hinder their ability to perform essential tasks such as dressing, grooming, and
preparing meals. Fatigue is especially pronounced in areas where muscle weakness is common, such
as the shoulders and facial muscles, impacting communication and social interactions [74,75].

To mitigate these challenges, occupational therapists frequently recommend home modifications
to promote safety and accessibility. A mixed-methods survey of occupational therapists indicated that
the most common modifications suggested include installing grab rails in showers and toilets, with
over half of the therapists’clients implementing these recommendations. Additional adaptations, such
as creating step-free showers, adding handrails at entrances, and removing shower screens, are also
essential in facilitating independence and minimizing fall risks at home [76].

Moreover, advancements in assistive technology are paving the way for better support in daily
activities. Studies on dynamic arm support devices for FSHD and other muscular dystrophies have
shown that they can improve muscle coordination during daily activities [77,78].

Along with physical therapy for shoulder strengthening, these devices help lift the arm, reduce
muscle strain, and support greater independence [ 79]. While further research is needed, the future of
OT inempowering FSHD patients is promising, with the potential to significantly improve their quality
of life through personalized care and new assistive technologies.

3.2. Respiratory care and management

Although uncommon, advanced stages of FSHD can affect the muscles used in respiration.
Respiration involvement symptoms include shortness of breath, daytime fatigue, morning headaches,
and sleep disturbances [80]. A study done by Wohlgemuth et al. reported around 1% (10 patients) of
the Dutch FSHD population were on nocturnal ventilatory support at home, with associated risk factors
being wheelchair dependency, kyphoscoliosis, and severe muscle disease; nine patients in this study
were reported to have a vital capacity of below 50% [81]. In a 10-year prospective study by Kilmer et
al., around 50% of the 53 FSHD patient cohort had respiratory function tests consistent with restrictive
lung disease, with 13% having severe respiratory dysfunction [82]. The need for respiratory care and
management is apparent in cases such as these. Management can include invasive ventilation with
intubation or non-invasive ventilation. These include continuous positive airway pressure (CPAP) or
bi-level positive airway pressure (BiPAP) [83,84].
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4. Challenges and limitations in FSHD treatment

Due to the heterogeneity of presentations and the genetic complexity of pathogenesis, establishing
a definitive and curative treatment path to FSHD has proven to be challenging, and as with other rare
diseases, FSHD may more frequently result in slowed or misdiagnosis. The diversity in symptom
severity and progression makes it difficult for clinical trials to adequately assess treatments due to the
variable individual disease course [85]. Currently, there remains no single effective therapy for FSHD
in lieu of a multidisciplinary approach, and while several pharmacologic trials have shown initial
promise, they have yet to demonstrate sufficient treatment of the disease [14,86]. Studying the use of
gene therapy in modulating DUX4 in these patients has been complicated by the anomalous nature of
DUX4 expression in the disease state and a limited number of natural mammalian models, without
which human trials may pose difficulties [87,88]. In addition, in vitro growth and differentiation of
FSHD myoblasts are generally difficult, with low levels and high variability of DUX4 expression [6].
Genomic analysis of FSHD target regions using next-generation mapping and enrichment tools suffers
from high costs, scarcity of protocols due to restrictions, dearth of infrastructure and expertise, and
lack of testing in comprehensive studies [89]. As mentioned previously, antisense oligonucleotide
therapeutics also show potential in the treatment of FSHD, but face challenges due to off-target effects,
poor uptake in muscle tissue, and high expected cost if and when they reach the market [6]. Thus, more
work is necessary to optimize clinical trial design in FSHD and fully elucidate the most promising
pathomechanisms to target with disease-modifying therapies.

5. Future directions and conclusion

FSHD presents significant challenges due to its progressive nature, variability in clinical
presentation, and the absence of disease-modifying treatments. This review highlights the diverse
landscape of FSHD management, encompassing pharmacologic treatments, physical therapy, and
exercise interventions, alongside the use of assistive devices and surgical strategies. Emerging
therapeutic innovations, such as gene-targeted approaches, antisense oligonucleotides, myostatin
inhibitors, and CRISPR-Cas9 technologies, represent promising avenues for addressing the genetic
and molecular foundations of the disease. Future research in the treatment and management of FSHD
should emphasize several key points to address the current therapeutic gaps and improve patient
outcomes. Advancements in gene therapy, particularly in DUX4 silencing and CRISPR-Cas9
technologies, offer significant potential. However, continued research is needed to optimize delivery
systems, minimize off-target effects, and ensure safety and efficacy in clinical settings. Additionally,
given the genetic and phenotypic variability of FSHD, personalized treatment approaches are crucial.
Identifying biomarkers that can predict disease progression and response to treatments will be
instrumental in tailoring therapies to individual patients, allowing for more effective and patient-
specific care. Improving the design of clinical trials is another priority, as current trials struggle with
the variability in disease presentation and progression. Developing stratification methods that account
for genetic and clinical differences will enhance the ability to assess therapeutic efficacy and accelerate
the development of disease-modifying treatments. Moreover, the role of patient advocacy groups in
advancing FSHD research cannot be understated. These groups are pivotal in securing funding,
influencing regulatory pathways, and promoting awareness, all of which are vital for overcoming the
regulatory and financial barriers that impede the development of novel therapies.

AIMS Neuroscience Volume 12, Issue 2,291-311.



305

Use of Al tools declaration

The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.
Conflict of interest

The authors declare no conflict of interest.
Authors’ contributions

The authors confirm contribution to the paper as follows: study conception and design: Ubaid
Ansari, Dawnica Nadora, Lauren Ong, Romteen Sedighi, Ethan Tabaie, Zaid Ansari, Meraj Alam,
Burhaan Syed, Noorhan Amani, Sarah Preiss-Farzanegan MD; data collection: Ubaid Ansari, Dawnica
Nadora, Lauren Ong, Romteen Sedighi, Ethan Tabaie, Zaid Ansari, Meraj Alam, Burhaan Syed,
Noorhan Amani, Sarah Preiss-Farzanegan MD; analysis and interpretation of results: Ubaid Ansari,
Dawnica Nadora, Lauren Ong, Romteen Sedighi, Ethan Tabaie, Zaid Ansari, Meraj Alam, Burhaan
Syed, Noorhan Amani, Sarah Preiss-Farzanegan MD; draft manuscript preparation: Ubaid Ansari,
Dawnica Nadora, Lauren Ong, Romteen Sedighi, Ethan Tabaie, Zaid Ansari, Meraj Alam, Burhaan
Syed, Noorhan Amani, Sarah Preiss-Farzanegan MD. All authors reviewed the results and approved
the final version of the manuscript.

References

1. Preston MK, Tawil R, Wang LH (1993) Facioscapulohumeral Muscular Dystrophy,In: Adam MP,
Feldman J, Mirzaa GM, et al., editors, GeneReviews® [Internet], Seattle (WA): University of
Washington, Seattle.

2. Guien C, Blandin G, Lahaut P, et al. (2018) The French National Registry of patients with
Facioscapulohumeral —muscular  dystrophy.  Orphanet J Rare Dis 13: 218.
https://doi.org/10.1186/s13023-018-0960-x

3. van der Maarel SM, Tawil R, Tapscott SJ (2011) Facioscapulohumeral Muscular Dystrophy and
DUX4: Breaking the Silence. Trends Mol Med 17: 252-258.
https://doi.org/10.1016/j.molmed.2011.01.001

4. Statland JM, Tawil R (2016) Facioscapulohumeral Muscular Dystrophy. Continuum (Minneap
Minn) 22: 1916-1931. https://doi.org/10.1212/CON.0000000000000399

5. Corrado B, Ciardi G (2015) Facioscapulohumeral distrophy and physiotherapy: a literary review.
J Phys Ther Sci 27: 2381-2385. https://doi.org/10.1589/jpts.27.2381

6. Himeda CL, Jones PL (2022) FSHD Therapeutic Strategies: What Will It Take to Get to Clinic?
J Pers Med 12: 865. https://doi.org/10.3390/jpm 12060865

7. Cohen J, DeSimone A, Lek M, et al. (2021) Therapeutic Approaches in Facioscapulohumeral
Muscular Dystrophy. Trends Mol Med 27: 123-137.
https://doi.org/10.1016/j.molmed.2020.09.008

8. Eren I, Gedik CC, Kilig U, et al. (2022) Management of scapular dysfunction in
facioscapulohumeral muscular dystrophy: the biomechanics of winging, arthrodesis indications,
techniques and outcomes. EFORT Open Rev 7: 734—746. https://doi.org/10.1530/EOR-22-0080

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1186/s13023-018-0960-x
https://doi.org/10.1016/j.molmed.2011.01.001
https://doi.org/10.1212/CON.0000000000000399
https://doi.org/10.1589/jpts.27.2381
https://doi.org/10.3390/jpm12060865
https://doi.org/10.1016/j.molmed.2020.09.008
https://doi.org/10.1530/EOR-22-0080

306

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tawil R, McDermott MP, Pandya S, et al. (1997) A pilot trial of prednisone in
facioscapulohumeral muscular dystrophy. FSH-DY Group. Neurology 48: 46-49.
https://doi.org/10.1212/wnl.48.1.46

Passerieux E, Hayot M, Jaussent A, et al. (2015) Effects of vitamin C, vitamin E, zinc gluconate,
and selenomethionine supplementation on muscle function and oxidative stress biomarkers in
patients with facioscapulohumeral dystrophy: A double-blind randomized controlled clinical trial.
Free Radical Bio Med 81: 158—169. https://doi.org/10.1016/j.freeradbiomed.2014.09.014
Maltin CA, Delday MI, Watson JS, et al. (1993) Clenbuterol, a beta-adrenoceptor agonist,
increases relative muscle strength in orthopaedic patients. Clin Sci (Lond) 84: 651-654.
https://doi.org/10.1042/cs0840651

Lynch GS, Hayes A, Campbell SP, et al. (1996) Effects of beta 2-agonist administration and
exercise on contractile activation of skeletal muscle fibers. J Appl Physiol (1985) 81: 1610-1618.
https://doi.org/10.1152/jappl.1996.81.4.1610

Zeman RJ, Peng H, Danon MJ, et al. (2000) Clenbuterol reduces degeneration of exercised or
aged dystrophic (mdx) muscle. Muscle Nerve 23: 521-528. https://doi.org/10.1002/(sici)1097-
4598(200004)23:4<521::a1d-mus10>3.0.co0;2-8

Kissel JT, McDermott MP, Mendell JR, et al. (2001) Randomized, double-blind, placebo-
controlled trial of albuterol in facioscapulohumeral dystrophy. Neurology 57: 1434—1440.
https://doi.org/10.1212/WNL.57.8.1434

van der Kooi EL, Vogels OJM, van Asseldonk RJGP, et al. (2004) Strength training and albuterol
in facioscapulohumeral muscular dystrophy. Neurology 63: 702-708.
https://doi.org/10.1212/01.WNL.0000134660.30793.1F

Payan CA, Hogrel JY, Hammouda EH, et al. (2009) Periodic Salbutamol in Facioscapulohumeral
Muscular Dystrophy: A Randomized Controlled Trial. Arch Phys Med Rehabil 90: 1094—-1101.
https://doi.org/10.1016/j.apmr.2008.12.027

Tawil R, Wagner KR, Hamel JI, et al. (2024) Safety and efficacy of losmapimod in
facioscapulohumeral muscular dystrophy (ReDUX4): a randomised, double-blind, placebo-
controlled phase 2b trial. Lancet Neurol 23: 477-486. https://doi.org/10.1016/S1474-
4422(24)00073-5

FSHD Society (2024) Fulcrum halts losmapimod development. [cited 2024 November 25].
Available from: https://www.fshdsociety.org/2024/09/12/fulcrum-halts-losmapimod-
development/.

KU Medical Center (2024) Preliminary drug trial results give hope to those with a common form
of  muscular  dystrophy. [cited 2024  November  25]. Available from:
https://www.kumc.edu/about/news/news-archive/prelim-drug-trial.html.

Attarian S, Salort-Campana E, Nguyen K, et al. (2012) Recommendations for the management of
facioscapulohumeral muscular dystrophy in 2011. Rev Neurol (Paris) 168: 910-918.
https://doi.org/10.1016/j.neurol.2011.11.008

Tawil R, Mah JK, Baker S, et al. (2016) Clinical practice considerations in facioscapulohumeral
muscular dystrophy Sydney, Australia, 21 September 2015. Neuromuscul Disord 26: 462—471.
https://doi.org/10.1016/;.nmd.2016.03.007

Tawil R, Kissel JT, Heatwole C, et al. (2015) Evidence-based guideline summary: Evaluation,
diagnosis, and management of facioscapulohumeral muscular dystrophy. Neurology 85:357-364.
https://doi.org/10.1212/WNL.0000000000001783

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1212/wnl.48.1.46
https://doi.org/10.1016/j.freeradbiomed.2014.09.014
https://doi.org/10.1042/cs0840651
https://doi.org/10.1152/jappl.1996.81.4.1610
https://doi.org/10.1002/(sici)1097-4598(200004)23:4%3C521::aid-mus10%3E3.0.co;2-8
https://doi.org/10.1002/(sici)1097-4598(200004)23:4%3C521::aid-mus10%3E3.0.co;2-8
https://doi.org/10.1212/WNL.57.8.1434
https://doi.org/10.1212/01.WNL.0000134660.30793.1F
https://doi.org/10.1016/j.apmr.2008.12.027
https://doi.org/10.1016/S1474-4422(24)00073-5
https://doi.org/10.1016/S1474-4422(24)00073-5
https://www.fshdsociety.org/2024/09/12/fulcrum-halts-losmapimod-development/
https://www.fshdsociety.org/2024/09/12/fulcrum-halts-losmapimod-development/
file:///C:/Users/bernt/OneDrive/Desktop/
file:///C:/Users/bernt/OneDrive/Desktop/
https://www.kumc.edu/about/news/news-archive/prelim-drug-trial.html
https://doi.org/10.1016/j.neurol.2011.11.008
https://doi.org/10.1016/j.nmd.2016.03.007
https://doi.org/10.1212/WNL.0000000000001783

307

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Aitkens SG, McCrory MA, Kilmer DD, et al. (1993) Moderate resistance exercise program: its
effect in slowly progressive neuromuscular disease. Arch Phys Med Rehabil 74: 711-715.
https://doi.org/10.1016/0003-9993(93)90031-5

Milner-Brown HS, Miller RG (1988) Muscle strengthening through high-resistance weight
training in patients with neuromuscular disorders. Arch Phys Med Rehabil 69: 14—19.

Vignos PJ, Watkins MP (1966) The Effect of Exercise in Muscular Dystrophy. JAMA 197: 843—
848. https://doi.org/10.1001/jama.1966.03110110067015

Voet NB, Kooi EL van der, Engelen BG van, et al. (2019) Strength training and aerobic exercise
training for muscle disease. Cochrane Database Syst Rev 12: CD003907.
https://doi.org/10.1002/14651858.CD003907.pub5

Calisgan E, Yilmaz O, Tuncel D, et al. (2019) Early adulthood onset of muscle weakness in
facioscapulohumeral muscular dystrophy and physical therapy management: An unusual case
report. Medicine 8: 1036—1040. https://doi.org/10.5455/medscience.2019.08.9108

Gianola S, Castellini G, Pecoraro V, et al. (2020) Effect of Muscular Exercise on Patients With
Muscular Dystrophy: A Systematic Review and Meta-Analysis of the Literature. Front Neurol 11:
958. https://doi.org/10.3389/fneur.2020.00958

Bankol¢ LC, Millet GY, Temesi J, et al. (2016) Safety and efficacy of a 6-month home-based
exercise program in patients with facioscapulohumeral muscular dystrophy. Medicine (Baltimore)
95: e4497. https://doi.org/10.1097/MD.0000000000004497

Olsen DB, @Orngreen MC, Vissing J (2005) Aerobic training improves exercise performance in
facioscapulohumeral muscular dystrophy. Neurology 64: 1064—1066.
https://doi.org/10.1212/01.WNL.0000150584.45055.27

Bettio C, Banchelli F, Salsi V, et al. (2024) Physical activity practiced at a young age is associated
with a less severe subsequent clinical presentation in facioscapulohumeral muscular dystrophy.
BMC Musculoskelet Disord 25: 35. https://doi.org/10.1186/s12891-023-07150-x

Tawil R (2008) Facioscapulohumeral Muscular Dystrophy. Neurotherapeutics 5: 601.
https://doi.org/10.1016/j.nurt.2008.07.005

Rogozinski BM, Davids JR, Davis RB, et al. (2009) The efficacy of the floor-reaction ankle-foot
orthosis in children with cerebral palsy. J Bone Joint Surg Am 91: 2440-2447.
https://doi.org/10.2106/JBJS.H.00965

Ghoseiri K, Zucker-Levin A (2023) Long-term locked knee ankle foot orthosis use: A perspective
overview of iatrogenic biomechanical and physiological perils. Front Rehabil Sci 4: 1138792.
https://doi.org/10.3389/fresc.2023.1138792

Rhee YG, Ha JH (2006) Long-term results of scapulothoracic arthrodesis of facioscapulohumeral
muscular dystrophy. J Shoulder Elbow Surg 15: 445-450.
https://doi.org/10.1016/j.js€.2005.10.015

Sansone V, Boynton J, Palenski C (1997) Use of gold weights to correct lagophthalmos in
neuromuscular disease. Neurology 48: 1500—1503. https://doi.org/10.1212/wnl.48.6.1500

Das S, Chadwick BP (2016) Influence of Repressive Histone and DNA Methylation upon D474
Transcription in Non-Myogenic Cells. PLoS One 11: e0160022.
https://doi.org/10.1371/journal.pone.0160022

Lemmers RJLF, Tawil R, Petek LM, et al. (2012) Digenic inheritance of an SMCHD1 mutation
and an FSHD-permissive D474 allele causes facioscapulohumeral muscular dystrophy type 2.
Nat Genet 44: 1370-1374. https://doi.org/10.1038/ng.2454

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1016/0003-9993(93)90031-5
https://doi.org/10.1001/jama.1966.03110110067015
https://doi.org/10.1002/14651858.CD003907.pub5
https://doi.org/10.5455/medscience.2019.08.9108
https://doi.org/10.3389/fneur.2020.00958
https://doi.org/10.1097/MD.0000000000004497
https://doi.org/10.1212/01.WNL.0000150584.45055.27
https://doi.org/10.1186/s12891-023-07150-x
https://doi.org/10.1016/j.nurt.2008.07.005
https://doi.org/10.2106/JBJS.H.00965
https://doi.org/10.3389/fresc.2023.1138792
https://doi.org/10.1016/j.jse.2005.10.015
https://doi.org/10.1212/wnl.48.6.1500
https://doi.org/10.1371/journal.pone.0160022
https://doi.org/10.1038/ng.2454

308

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Tihaya MS, Mul K, Balog J, et al. (2023) Facioscapulohumeral muscular dystrophy: the road to
targeted therapies. Nat Rev Neurol 19: 91-108. https://doi.org/10.1038/s41582-022-00762-2
Morrison DK (2012) MAP Kinase Pathways. Cold Spring Harb Perspect Biol 4: a011254.
https://doi.org/10.1101/cshperspect.a011254

Brennan CM, Hill AS, St Andre M, et al. (2022) DUX4 expression activates JNK and p38
MAP kinases in myoblasts. Dis Model  Mech 15: dmm049516.
https://doi.org/10.1242/dmm.049516

Ma'Y, Zhang L, Huang X (2014) Genome modification by CRISPR/Cas9. FEBS J 281: 5186—
5193. https://doi.org/ 10.1111/febs.13110

Sikrova D, Cadar VA, Ariyurek Y, et al. (2021) Adenine base editing of the DUX4 polyadenylation
signal for targeted genetic therapy in facioscapulohumeral muscular dystrophy. Mol Ther Nucleic
Acids 25: 342-354. https://doi.org/10.1016/j.omtn.2021.05.020

Himeda CL, Jones TI, Jones PL (2016) CRISPR/dCas9-mediated Transcriptional Inhibition
Ameliorates the Epigenetic Dysregulation at D474 and Represses DUX4-fl in FSH Muscular
Dystrophy. Mol Ther 24: 527-535. https://doi.org/10.1038/mt.2015.200

Goossens R, Boogaard ML van den, Lemmers RJLF, et al. (2019) Intronic SMCHDI1 variants in
FSHD: testing the potential for CRISPR-Cas9 genome editing. J Med Genet 56: 828-837.
https://doi.org/10.1136/jmedgenet-2019-106402

Himeda CL, Jones TI, Jones PL (2020) Targeted epigenetic repression by CRISPR/dSaCas9
suppresses pathogenic DUX4-fl expression in FSHD. Mol Ther Methods Clin Dev 20: 298-311.
https://doi.org/10.1016/j.omtm.2020.12.001

Statland J, Halseth A, Zhu Y, et al. (1996) Interim Results from FORTITUDETM, a Randomized
Phase 1/2 Trial Evaluating AOC 1020 in Adults with FSHD. [cited 2024 November 25]. Available
from: https://www.aviditybiosciences.com/wp-content/uploads/2024/10/Final-NMSG-2024-
FORTITUDE-Poster-16SEP24.pdf.

Fulcrum Therapeutics (2024) Fulcrum Therapeutics Announces Topline Results from Phase 3
REACH Clinical Trial of Losmapimod in Facioscapulohumeral Muscular Dystrophy (FSHD).
[cited 2024 November 25]. Available from: https://ir.fulcrumtx.com/news-releases/news-release-
details/fulcrum-therapeutics-announces-topline-results-phase-3-reach/.

PR Newswire (2024) Avidity Announces Unprecedented AOC 1020 Data from Phase 1/2
FORTITUDE™ Trial Demonstrating Greater Than 50 Percent Reduction in DUX4 Regulated
Genes and Trends of Functional Improvement in People Living with Facioscapulohumeral
Muscular Dystrophy. [cited 2024 November 25]. Available from: https://www.prnewswire.c
om/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase- 12-fortitude-tria
I-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functi
onal-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html.

Dhuri K, Bechtold C, Quijano E, et al. (2020) Antisense Oligonucleotides: An Emerging Area
in Drug Discovery and Development. J Clin Med 9: 2004.
https://doi.org/10.3390/;cm9062004

Ansseau E, Vanderplanck C, Wauters A, et al. (2017) Antisense Oligonucleotides Used to Target
the DUX4 mRNA as Therapeutic Approaches in FaciosScapuloHumeral Muscular Dystrophy
(FSHD). Genes (Basel) 8: 93. https://doi.org/10.3390/genes8030093

Mocciaro E, Runfola V, Ghezzi P, et al. (2021) DUX4 Role in Normal Physiology and in FSHD
Muscular Dystrophy. Cells 10: 3322. https://doi.org/10.3390/cells10123322

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1038/s41582-022-00762-2
https://doi.org/10.1101/cshperspect.a011254
https://doi.org/10.1242/dmm.049516
https://doi.org/10.1038/mt.2015.200
https://doi.org/10.1136/jmedgenet-2019-106402
https://doi.org/10.1016/j.omtm.2020.12.001
https://www.aviditybiosciences.com/wp-content/uploads/2024/10/Final-NMSG-2024-FORTITUDE-Poster-16SEP24.pdf
https://www.aviditybiosciences.com/wp-content/uploads/2024/10/Final-NMSG-2024-FORTITUDE-Poster-16SEP24.pdf
https://ir.fulcrumtx.com/news-releases/news-release-details/fulcrum-therapeutics-announces-topline-results-phase-3-reach/
https://ir.fulcrumtx.com/news-releases/news-release-details/fulcrum-therapeutics-announces-topline-results-phase-3-reach/
https://www.prnewswire.com/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase-12-fortitude-trial-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functional-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html
https://www.prnewswire.com/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase-12-fortitude-trial-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functional-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html
https://www.prnewswire.com/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase-12-fortitude-trial-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functional-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html
https://www.prnewswire.com/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase-12-fortitude-trial-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functional-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html
https://www.prnewswire.com/news-releases/avidity-announces-unprecedented-aoc-1020-data-from-phase-12-fortitude-trial-demonstrating-greater-than-50-percent-reduction-in-dux4-regulated-genes-and-trends-of-functional-improvement-in-people-living-with-facioscapulohumeral-m-302170099.html
https://doi.org/10.3390/jcm9062004
https://doi.org/10.3390/genes8030093
https://doi.org/10.3390/cells10123322

309

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ward AJ, Norrbom M, Chun S, et al. (2014) Nonsense-mediated decay as a terminating
mechanism for antisense oligonucleotides. Nucleic Acids Res 42: 5871-5879.
https://doi.org/10.1093/nar/gkul84

Sardone V, Zhou H, Muntoni F, et al. (2017) Antisense Oligonucleotide-Based Therapy for
Neuromuscular Disease. Molecules 22: 563. https://doi.org/10.3390/molecules22040563

Lim KRQ, Yokota T (2023) Knocking Down DUX4 in Immortalized Facioscapulohumeral
Muscular Dystrophy Patient-Derived Muscle Cells. Methods Mol Biol 2587: 197-208.
https://doi.org/10.1007/978-1-0716-2772-3 12

Lu-Nguyen N, Dickson G, Malerba A, et al. (2022) Long-Term Systemic Treatment of a Mouse
Model Displaying Chronic FSHD-like Pathology with Antisense Therapeutics That Inhibit DUX4
Expression. Biomedicines 10: 1623. https://doi.org/10.3390/biomedicines10071623

Bouwman LF, den Hamer B, van den Heuvel A, et al. (2021) Systemic delivery of a DUX4-
targeting antisense oligonucleotide to treat facioscapulohumeral muscular dystrophy. Mol Ther
Nucleic Acids 26: 813-827. https://doi.org/10.1016/j.omtn.2021.09.010

Rashnonejad A, Amini-Chermahini G, Taylor NK, et al. (2020) Designed U7 snRNAs inhibit
DUX4 expression and improve FSHD-associated outcomes in DUX4 overexpressing cells and
FSHD patient myotubes. Mol Ther Nucleic Acids 23: 476-486.
https://doi.org/10.1016/j.0mtn.2020.12.004

Beck SL, Yokota T (2024) Oligonucleotide Therapies for Facioscapulohumeral Muscular
Dystrophy:  Current  Preclinical Landscape. [Int J Mol Sci  25:  9065.
https://doi.org/10.3390/ijms25169065

Collotta D, Bertocchi I, Chiapello E, et al. (2023) Antisense oligonucleotides: a novel Frontier in
pharmacological strategy. Front Pharmacol 14: 1304342.
https://doi.org/10.3389/fphar.2023.1304342

Otto A, Patel K (2010) Signalling and the control of skeletal muscle size. Exp Cell Res 316: 3059—
3066. https://doi.org/10.1016/j.yexcr.2010.04.009

Smith RC, Lin BK (2013) Myostatin inhibitors as therapies for muscle wasting associated with
cancer and other disorders. Curr Opin Support Palliat Care 7: 352-360.
https://doi.org/10.1097/SPC.0000000000000013

National Library of Medicine, National Center for Biotechnology Information, ClinicalTrials.gov
(2022) Study of ACE-083 in Patients With Facioscapulohumeral Muscular Dystrophy (FSHD).
[cited 2024 November 25]. Available from: https://clinicaltrials.gov/study/NCT02927080.
Pearsall RS, Davies MV, Cannell M, et al. (2019) Follistatin-based ligand trap ACE-083 induces
localized hypertrophy of skeletal muscle with functional improvement in models of
neuromuscular disease. Sci Rep 9: 11392. https://doi.org/10.1038/s41598-019-47818-w
Statland JM, Campbell C, Desai U, et al. (2022) Randomized phase 2 study of ACE-083, a muscle-
promoting agent, in facioscapulohumeral muscular dystrophy. Muscle Nerve 66: 50-62.
https://doi.org/10.1002/mus.27558

Institute of Myology (2022) Acceleron abandons development of ACE-083 in FSH. [cited 2024
November 25]. Available from: https://www.institut-myologie.org/en/2022/07/12/acceleron-
abandons-development-of-ace-083-in-fsh/.

Wagner KR, Fleckenstein JL, Amato AA, et al. (2008) A phase I/IItrial of MYO-029 in adult
subjects with muscular dystrophy. Ann Neurol 63: 561-571.
https://doi.org/10.1002/ana.21338

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1093/nar/gku184
https://doi.org/10.3390/molecules22040563
https://doi.org/10.1007/978-1-0716-2772-3_12
https://doi.org/10.3390/biomedicines10071623
https://doi.org/10.1016/j.omtn.2021.09.010
https://doi.org/10.1016/j.omtn.2020.12.004
https://doi.org/10.3390/ijms25169065
https://doi.org/10.3389/fphar.2023.1304342
https://doi.org/10.1016/j.yexcr.2010.04.009
https://doi.org/10.1097/SPC.0000000000000013
https://clinicaltrials.gov/study/NCT02927080
https://doi.org/10.1038/s41598-019-47818-w
https://doi.org/10.1002/mus.27558
https://www.institut-myologie.org/en/2022/07/12/acceleron-abandons-development-of-ace-083-in-fsh/
https://www.institut-myologie.org/en/2022/07/12/acceleron-abandons-development-of-ace-083-in-fsh/
https://doi.org/10.1002/ana.21338

310

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Campbell C, McMillan HJ, Mah JK, et al. (2017) Myostatin inhibitor ACE-031 treatment of
ambulatory boys with Duchenne muscular dystrophy: Results of a randomized, placebo-
controlled clinical trial. Muscle Nerve 55: 458—464. https://doi.org/10.1002/mus.25268
Wagner KR, Abdel-Hamid HZ, Mah JK, et al. (2020) Randomized phase 2 trial and open-label
extension of domagrozumab in Duchenne muscular dystrophy. Neuromuscul Disord 30: 492—-502.
https://doi.org/10.1016/j.nmd.2020.05.002

National Library of Medicine, National Center for Biotechnology Information, ClinicalTrials.gov
(2024) A Study to Evaluate RO7204239 in Participants With Facioscapulohumeral Muscular
Dystrophy (MANOEUVRE). [cited 2024 November 25]. Available from:
https://clinicaltrials.gov/study/NCT05548556.

Azzag K, Bosnakovski D, Tungtur S, et al. (2022) Transplantation of PSC-derived myogenic
progenitors counteracts disease phenotypes in FSHD mice. NPJ Regen Med 7: 43.
https://doi.org/10.1038/s41536-022-00249-0

Blokhuis AM, Deenen JCW, Voermans NC, et al. (2021) The socioeconomic burden of
facioscapulohumeral muscular dystrophy. J Neurol 268: 4778-4788.
https://doi.org/10.1007/s00415-021-10591-w

American Occupational Therapy Association (2021) Occupational Therapy Scope of Practice. Am
J Occup Ther 75: 7513410020. https://doi.org/10.5014/aj0t.2021.75S3005

Lu J, Yao Z, Yang Y, et al. (2019) Management strategies in facioscapulohumeral muscular
dystrophy. Intractable Rare Dis Res 8: 9—13. https://doi.org/10.5582/irdr.2019.01016

Sezer S, Cup EHC, Roets-Merken LM, et al. (2022) Experiences of patients with
facioscapulohumeral dystrophy with facial weakness: a qualitative study. Disabil Rehabil 44:
6775—6782. https://doi.org/10.1080/09638288.2021.1973122

Wellecke C, D’Cruz K, Winkler D, et al. (2022) Accessible design features and home
modifications to improve physical housing accessibility: Amixed-methods survey of occupational
therapists. Disabil Health J 15: 101281. https://doi.org/10.1016/j.dhjo.2022.101281

Essers IMN, Meijer K, Peters AA, etal. (2023) The effects of facioscapulohumeral dystrophy and
dynamic arm support on upper extremity muscle coordination in functional tasks. Neuromuscul
Disord 33: 651-659. https://doi.org/10.1016/j.nmd.2022.11.002

Cruz A, Callaway L, Randall M, et al. (2021) Mobile arm supports in Duchenne muscular
dystrophy: a pilot study of user experience and outcomes. Disabil Rehabil Assist Technol 16: 880—
889. https://doi.org/10.1080/17483107.2020.1749892

Faux-Nightingale A, Kulshrestha R, Emery N, et al. (2021) Upper Limb Rehabilitation in
Facioscapulohumeral Muscular Dystrophy: A Patients’ Perspective. Arch Rehabil Res Clin Transl
3: 100157. https://doi.org/10.1016/j.arrct.2021.100157

Hazenberg A, van Alfen N, Voet NBM, et al. (2015) Facioscapulohumeral muscular dystrophy
and respiratory failure; what about the diaphragm? Respir Med Case Rep 14: 37-39.
https://doi.org/10.1016/j.rmcr.2014.12.006

Wohlgemuth M, van der Kooi EL, van Kesteren RG, et al. (2004) Ventilatory support in
facioscapulohumeral muscular dystrophy. Neurology 63: 176-178.
https://doi.org/10.1212/01.WNL.0000133126.86377.E8

Kilmer DD, Abresch RT, McCrory MA, et al. (1995) Profiles of neuromuscular diseases.
Facioscapulohumeral muscular dystrophy. 4Am J Phys Med Rehabil 74: S131-139.
https://doi.org/10.1097/00002060-199509001-00007

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1002/mus.25268
https://doi.org/10.1016/j.nmd.2020.05.002
file:///C:/Users/bernt/OneDrive/Desktop/
file:///C:/Users/bernt/OneDrive/Desktop/
https://clinicaltrials.gov/study/NCT05548556
https://doi.org/10.1038/s41536-022-00249-0
https://doi.org/10.1007/s00415-021-10591-w
https://doi.org/10.5014/ajot.2021.75S3005
https://doi.org/10.5582/irdr.2019.01016
https://doi.org/10.1080/09638288.2021.1973122
https://doi.org/10.1016/j.dhjo.2022.101281
https://doi.org/10.1016/j.nmd.2022.11.002
https://doi.org/10.1080/17483107.2020.1749892
https://doi.org/10.1016/j.arrct.2021.100157
https://doi.org/10.1016/j.rmcr.2014.12.006
https://doi.org/10.1212/01.WNL.0000133126.86377.E8
https://doi.org/10.1097/00002060-199509001-00007

311

83.

&4.

85.

86.

87.

88.

89.

Moreira S, Wood L, Smith D, et al. (2017) Respiratory involvement in ambulant and non-
ambulant patients with facioscapulohumeral muscular dystrophy. J Neurol 264: 1271-1280.
https://doi.org/10.1007/s00415-017-8525-9

Santos DB, Boussaid G, Stojkovic T, et al. (2015) Respiratory muscle dysfunction in
facioscapulohumeral muscular  dystrophy.  Neuromuscul  Disord  25:  632—-639.
https://doi.org/10.1016/7.nmd.2015.04.011

LoRusso S, Johnson NE, McDermott MP, et al. (2019) Clinical trial readiness to solve barriers to
drug development in FSHD (ReSolve): protocol of a large, international, multi-center prospective
study. BMC Neurol 19: 224. https://doi.org/10.1186/s12883-019-1452-x

Glasser CE, Gartner MR, Wilson D, et al. (2018) Locally acting ACE-083 increases muscle
volume in healthy volunteers. Muscle Nerve 57: 921-926. https://doi.org/10.1002/mus.26113
Himeda CL, Debarnot C, Homma S, et al. (2014) Myogenic Enhancers Regulate Expression of
the Facioscapulohumeral Muscular Dystrophy-Associated DUX4 Gene. Mol Cell Biol 34: 1942—
1955. https://doi.org/10.1128/MCB.00149-14

Lek A, Rahimov F, Jones PL, et al. (2015) Emerging preclinical animal models for FSHD. Trends
Mol Med 21: 295-306. https://doi.org/10.1016/;.molmed.2015.02.011

Megalizzi D, Trastulli G, Colantoni L, et al. (2024) Deciphering the Complexity of FSHD: A
Multimodal Approach as a Model for Rare Disorders. Int J Mol Sci 25: 10949.
https://doi.org/10.3390/ijms252010949

© 2025 the Author(s), licensee AIMS Press. This is an open access

MS ATMS Press article distributed under the terms of the Creative Commons
> Attribution License (https://creativecommons.org/licenses/by/4.0)

AIMS Neuroscience Volume 12, Issue 2,291-311.


https://doi.org/10.1007/s00415-017-8525-9
https://doi.org/10.1016/j.nmd.2015.04.011
https://doi.org/10.1186/s12883-019-1452-x
https://doi.org/10.1002/mus.26113
https://doi.org/10.1128/MCB.00149-14
https://doi.org/10.1016/j.molmed.2015.02.011
https://doi.org/10.3390/ijms252010949

