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Abstract

Facioscapulohumeral muscular dystrophy (FSHSD) is one of the most common adult muscular
dystrophies and is divided into types 1 and 2 based on genetic mutation. Clinically both FSHD
types 1 and 2 demonstrate often asymmetric and progressive muscle weakness affecting initially
the face, shoulder, and arms, followed by the distal and then proximal lower extremities later in
the disease course. Approximately 95% of patients, termed FSHD1, have a deletion of a key
number of repetitive elements on chromosome 4g35. The remaining 5%, termed FSHD2, have no
deletion on chromosome 4g35. Nevertheless, both FSHD types 1 and 2 share a common
downstream mechanism making it possible that future disease-directed therapies will be effective
for both FSHD types 1 and 2.
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD), one of the most prevalent adult muscular
dystrophies (1:15,000 to 1:20,000), is characterized by asymmetric and often descending
weakness affecting the face, shoulder, and arms, followed by weakness of the distal lower
extremities and pelvic girdle.l: 2 FSHD is categorized as type 1 or type 2 based on the
underlying genetic lesions. Approximately 95% of patients will have disease inherited in an
autosomal dominant fashion associated with loss of part of a repeated sequence in the D424
region on chromosome 4g35.3: 4 An additional 5% of patients will have disease with a
variable inheritance pattern caused by a D4Z4 deletion-independent pathway.® Recent
advances suggest both FSHD types 1 and 2 exert their effect through a common
pathophysiological pathway: de-repression of the retrogene DUX4 believed to cause disease
in a toxic-gain-of-function manner.8 Studies have suggested FSHD1 and FSHD?2 are
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clinically identical; although, the number of FSHD2 patients studied has been limited.
Approximately 20% of FSHD patients greater than 50 years of age will require the use of a
wheelchair.2 7 FSHD1 patients with the largest contractions are more likely to have extra-
muscular manifestations of FSHD, which include symptomatic retinal vascular disease and
hearing loss.8 © The elucidation of a proposed common molecular mechanism behind both
FSHD types 1 and 2 has opened the door to research in potential disease-directed therapies.

Clinical Findings
Both FSHD types 1 and 2 are clinically similar, characterized by:

«  Symptom onset typically in the first or second decade of life, but can present later
in life
e Often marked side to side asymmetry

»  Facial weakness seen as inability to squeeze the eyes shut or furrow the brow, a
transvers smile, or flattening when puckering the lips

e Shoulder weakness often with scapular winging and flattening of the clavicles
»  Arm weakness including the biceps and triceps often with forearm sparing

»  Asymmetric abdominal weakness which can be seen on exam as a positive
Beevor’s sign

» Usually distal lower extremity weakness before proximal, starting with a foot drop

FSHD can go on to affect most any skeletal muscle but typically spares extra-ocular
muscles, cardiac muscles, and bulbar muscles. Patients can develop debilitating paraspinal
muscle weakness, which can be an initial presentation.19 Although the most common
presentation is with facial and shoulder weakness and a descending pattern of progression,
many different initial presentations have been described, including bent-spine and less
specific limb girdle patterns. The rate of progression has been evaluated in a large
prospective natural history study, which demonstrated a loss of strength using combined
quantitative strength testing and manual muscle testing of about 1-4% per year.11 Although
not life-limiting FSHD can cause significant lifetime morbidity.? 7- 12 The 6-year risk of
wheelchair use overalll is about 24%. Risk of wheelchair use shows a bimodal distribution:
FSHD1 patients with the largest D474 deletions (1-3 remaining repeats) have the highest
risk which peaks in the 214 and 3" decades, followed by a slow age-dependent increase in
the risk. Respiratory involvement can be seen in about 10% of patients, most commonly in
the most severely affected or wheelchair bound patients. Atrial arrhythmias can be seen in
about 5% of FSHD patients but are rarely symptomatic.

Extra-muscular manifestations are also rarely symptomatic and include retinal vascular
changes and hearing loss. Approximately half of FSHD patients show peripheral retinal
vascular abnormalities on fluorescein angiography but symptomatic retinal vasculopathy
(Coat’s syndrome) is only seen in approximately 1% of patients, typically patients with the
largest D4Z4 deletions.® 13- 14 High frequency hearing loss is reported in approximately half
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of FSHD patients; however symptomatic hearing loss resulting in the need for hearing aids
is almost exclusively seen in patients with the largest D4Z4 deletions.8: 15

A more severe infantile form of FSHD has been described.16: 17 These patients typically:
e Have the largest deletions (1-3 D4Z4 repeats remaining)
» Have increased prevalence of symptomatic retinal vascular disease and hearing loss
e Have more severe disease with earlier wheelchair use

» Rarely mental retardation or seizures have been described

Clinical criteria for the diagnosis of FSHD include the presence of characteristic findings
and the absence of other explanations.18 FSHD is suggested by the presence of:

»  Facial weakness

»  Weakness of shoulder scapular stabilizers or foot dorsiflexors
The absence of:

»  Ptosis, weakness of extra-ocular muscles or bulbar weakness

»  Electromyography in a patient or affected family member showing myotonia or
neurogenic changes

Electromyography shows changes characteristic of a chronic myopathy, small polyphasic
motor units, but may be normal or only show changes in limited muscles, like the serratus
anterior or pectorals. Muscle biopsy is not required for diagnosis but can show non-specific
myopathic or dystrophic changes including variability in fiber size, rounded fibers, internal
nuclei, necrotic or regenerating fibers, increased connective tissue and fatty deposition. Up
to 1/3 of muscle biopsies can show a primarily mononuclear inflammatory infiltrate.19: 20

Muscle MRI is being used more frequently in the evaluation of patients with suspected
muscular dystrophies, and although there are patterns of muscle involvement typical for
FSHD, the role of MRI in diagnosis has yet to be determined.?1-23 Patterns of muscle
involvement on MRI in FSHD include:

» Early involvement of trapezius, scapular girdle, and pectoral muscles
»  Early involvement of the gastrocnemius and tibialis anterior

» Avariable number of patients will demonstrate STIR positive signal in structurally
normal appearing muscles, which may correspond to areas of inflammation

Ultimately the diagnosis of FSHD is confirmed by genetic testing. Approximately 95% of
patients meeting clinical criteria, termed FSHD1, will turn out to have deletion of a key
number of repetitive elements in the D424 region of chromosome 4g35. Normal individuals
have >10 repeats. Patients with FSHD1 have between 1-10 repeats.3 4 An additional 5% of
patients, termed FSHD2, will have disease without a deletion in the number of D4Z4
repeats. Nevertheless, these patients have reduced methylation in the D474 region of 4935
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as is seen in the contracted 4q35 allele in FSHD1.5 Recently up to 2/3 of patients with
FSHD2 were discovered to have mutations in the gene SMCHD1, believed to have a role in
chromatin inactivation.2* Commercial genetic confirmation of FSHD2 is not yet available.

Pathophysiology

» Recent studies suggest that activation of a normally repressed transcriptional
regulator, DUX4, contained within the D4Z4 repeat elements on chromosome 4935
causes disease in FSHD via a toxic-gain-of-function fashion.2

In FSHD1, a key number of repeated sequences, each 3.3 kb long, are lost in the D474
region on chromosome 4q35. Loss of the repetitive elements leads to decreased methylation
and opening up of the chromatin structure. Contained in each D474 repeat is a putative
retrogene, DUX4, not normally expressed in adult muscle. Loss of the repetitive elements
opens the chromatin structure allowing DUX4 to be expressed from the most distal D4z4
repeat. But that is not enough to cause disease in FSHD. In addition, patients must have a
permissive genetic background: a certain polymorphism distal to the last repeat, known as
the A variant, results in a polyadenylation sequence that is essential for the stability of
nascent DUX4 transcripts, which would otherwise be degraded (Figure 1).

In FSHD2 patients do not have deletions in the D4Z4 region and yet there is loss of
methylation in the D4Z4 region of chromosome 4935. While the inheritance in FSHD1 is
dominant (resulting from the occurrence of a contraction on one copy of 4g35 containing an
A allele), the inheritance pattern in FSHD2 is more complex because it is a digenic disease.
FSHD2 requires the inheritance of permissive A allele and separate mutation in a gene that
regulates chromatic structure (eg: SMCHD1 on chromosome 18). This loss of methylation in
conjunction with a permissive genetic background also leads to expression of DUX4.°
Recently approximately 2/3 of patients with FSHD2 were found to have mutations in
SMCHDJ, a gene on chromosome 18 believed to have a role in chromatin inactivation
(Figure 1).24

Several lines of evidence suggest that low levels of DUX4 expression interfere with
myogenic differentiation, lead to apoptotic cell death and make cells more susceptible to
oxidative stress.24 26-30

Necessary for FSHD:

»  Opening up of the chromatin structure in the D424 region of chromosome 435
allowing the normally repressed DUX4 gene to be expressed

»  Stabilizing polymorphisms that prevent nascent DUX4 mRNA from being degraded

Therapeutic Strategies

There are currently no FDA-approved treatments for FSHD. A number of pharmacological
strategies have been tested to determine if they slow down or halt disease progression in
FSHD: trials of anabolic agents, a myostatin inhibitor, creatine supplementation, and
corticosteroids were either negative or inconclusive.31-36 Future treatment strategies can be
split into two categories: 1) therapies to increase muscle bulk or strength (anabolic agents,
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myostatin or follistatin inhibitors); 2) therapies to halt disease progression (molecular knock-
down of DUX4, or downstream targets of DUX4).

A trial of exercise and albuterol, alone or in combination, showed improvement in isolated
muscle strength with albuterol but was negative for individually trained muscles.3” Strength
training consisted of a progressive overload program which included dynamic and isometric
exercises focusing on elbow flexors and ankle dorsiflexors. Patients receiving strength
training did not do worse than those who did not pursue strength training, and dynamic
strength improved in elbow flexors. Aerobic therapy is likely beneficial in FSHD, not only
improving cardiovascular health but possible increasing strength.38

There are a number of observational studies and case series documenting improvement in
shoulder function, shoulder range of motion, or improvement in scapular pain following
scapular fixation.3% 40 Scapulodesis (the fixation of the scapula with screws, wires or plates)
with bone grafting is the preferred surgical procedure. Despite that there are no randomized
trials to support the benefit seen in observational studies; nor are there clear
recommendations on which patients are most likely to benefit from this procedure or the
optimal timing of surgery. Intuitively patients considering surgery should have reasonable
residual upper arm strength. The potential gain in range of motion from surgical fixation can
be tested at the bedside by manual fixation of the scapula. Drawbacks to scapular fixation
include postoperative immobilization, need for physiotherapy and potential complications
(breaks in the wire with consequent loss of the functional gain, brachial plexus injuries, or
possible loss of respiratory forced vital capacity).

Although no prospective studies have determined the optimal surveillance strategy for use of
orthotics or extra muscular manifestations of FSHD, we recommend:

«  Baseline screening for retinal involvement with dilated ophthalmological exam in
all patients; then yearly in patients with the largest D4Z4 deletions (1-3 residual
repeats)

« Baseline pulmonary function testing in patients with advanced disease, early pelvic
girdle weakness, or significant kyphoscoliosis, then yearly follow up

e  Hearing test for all infantile onset FSHD

e Yearly evaluation for need for orthotic devices for ambulation

Summary and Future Directions

Recent advances in our understanding of the molecular pathology of FSHD have identified
potential molecular targets for future therapies. FSHD types 1 and 2 are clinically similar
and share a final common pathway suggesting that similar treatment strategies may prove
successful for both. Future therapeutic strategies will likely include targeting the expression
of DUX4 or its downstream targets, and strategies geared towards increasing muscle bulk
and strength.
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Key Points

Clinically, FSHD types 1 and 2 are similar: often asymmetric and descending
weakness affecting the face, shoulder and arms, followed by the distal lower
extremities and pelvic girdle

FSHD1 patients with the largest contractions are more likely to have
symptomatic extra muscular involvement which includes: retinal vascular
disease, hearing loss, and rarely, cognitive impairment or seizures

FSHD type 1 is caused by a deletion in the number of the macrosatellite repeat
(D4z4) elements on chromosome 4q35; this leads to decreased DNA
methylation and opening of the chromatin structure.

FSHD type 2 is caused by mutations in genes elsewhere in the genome that lead
to decreased methylation in the same D4Z4 region on chromosome 4935

The opening of the chromatic structure seen in both FSHD types 1 and 2 results
in derepression of the DUX4 gene, a transcriptional factor believed to cause
disease through a toxic gain-of-function mechanism

The identification of a proposed disease mechanism opens the door to future
disease-directed therapies.
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Figure 1.
Pathological mechanism in FSHD. In normal individuals the chromatin is tightly wound

keeping DUX4 in a repressed state. In FSHD1 deletion of a critical number of D424 repeats
opens up the chromatin structure allowing DUX4 to be expressed. However this only occurs
when the D4Z4 deletion occurs on a permissive genetic background, the A allele, which
contains a polyadenylation sequence which stabilizes the nascent DUX4 transcripts. In
FSHD2 patients do not have deletions in the D4Z4 region, but do have decreased
methylation, which in approximately 2/3 of patients is associated with mutations in the
SMCHDL1 gene. Decreased methylation also causes an opening of chromatin structure, and
when this occurs on a permissive genetic background containing the A allele, DUX4 can be
expressed. In both expression of DUX4 is believed to cause disease in a toxic gain-of-
function fashion.
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