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Facioscapulohumeral muscular
dystrophy

Facioscapulohumeral muscular dystrophy
(FSHD) is a common and disabling myop-
athy with an incidence of approximately 1
in 8000 individuals (1). It is an autosomal
dominant, genetic disease characterized by
slowly progressive weakness and wasting
of the muscles of the face, scapular region,
upper arms, trunk, and legs. The disorder
exhibits a variable onset and severity of clini-
cal symptoms, which range from asymptom-
atic carriersto early-onset severe phenotypes.
FSHD muscles are marked by variability in
fiber size, necrosis, regeneration, decreased
capillary density, and occasional lympho-
cytic infiltrates (2). The final common end-
point of FSHD is the replacement of muscle
by fat and fibrosis, a feature shared with other
muscular dystrophies (3-6).

FSHD is due to the ectopic expression
of the double homeobox 4 (DUX4) retro-
gene in skeletal muscle. DUX4 maps onto
chromosome 4 at 4q35 in the D4Z4 mac-
rosatellite repeat array, which normally
contains 11-100 repeats. Each D474
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Facioscapulohumeral muscular dystrophy (FSHD) results from expression of
the full-length double homeobox 4 (DUX4-FL) retrogene in skeletal muscle.
However, even in cases of severe FSHD the presence of DUX4 is barely
detectable. In this issue of the JCI, Bosnakovski et al. used an inducible,
muscle-specific human DUX4 to reproduce the low-level, sporadic DUX4
expression of human FSHD muscle as well the myopathology seen in

human FSHD disease. Notably, dysregulated fibroadipogenic progenitors
accumulated in affected muscles, thus providing a mechanism for the
replacement of muscle by fibrosis and fat.

repeat contains an open reading frame for
the DUX4 gene that, when transcribed,
generates two major transcripts, DUX4-s,
a short nonpathogenic mRNA and a full-
length mRNA, DUX4-FL, with a translated
protein that is considered the causative
factor of FSHD (7-9). DUX4, as well as
Duy, its murine ortholog, is a transcription
factor active in the embryo at the cleavage
stage to support zygotic genome activation
and in primordial germ cells that is absent
in the adult tissues (except in the germ
cells of the testis) due to the epigenetic
silencing of the D4Z4 array (9, 10).

There are two forms of FSHD: FSHD1
(95% of the cases) and FSHD2 (5% of the
cases). FSHD1 is due to the contraction
of the D4Z4 array, from 1 to 10 repeats,
whereas patients with FSHD2, with a reg-
ular D4Z4 array, have mutations in one
of two genes: structural maintenance of
chromosomes flexible hinge domain-
containing protein 1 (SMCHD1) or DNA
methyltransferase 3B (DNMT3B). These
mutations lead to the epigenetic derepres-
sion of the D4Z4 array and thus to the tran-
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scription of DUX4. The net result is the
production of DUX4 by the muscle, proba-
bly due to the binding of muscle-restricted
transcription factors to enhancers and
promoters located upstream of the D474
array (7, 8). Even in severe FSHD cases,
the presence of DUX4 is barely detect-
able, indicating that DUX4-FL is sporad-
ically transcribed and that poorly defined
epigenetic mechanisms and/or genetic
modifiers may control its expression. The
forced expression of DUX4 in both human
and mouse myoblasts in vitro leads to cell
apoptosis, oxidative stress, reduced differ-
entiation, and to the transcription of germ
cell-specific genes, immune mediators
genes, and retrotransposons (11-16).

A long-term chronic disease
model
In this issue of the JCI, Bosnakovski et al.
characterize in detail the muscle pheno-
type of a doxycycline-inducible human
DUX4 muscle fiber-specific mouse model
of FSHD, the iDUX4pA-HSA mice (17).
Thanks to the adjustable level of doxycy-
cline administered to mice, the authors
reproduce the very-low-level, sporadic,
DUX4 expression of the human FSHD
muscle, a key point to studying the pro-
gression of FSHD myopathy in experimen-
tal models in vivo. iDUX4pA-HSA mice
fed doxycycline-containing chow over 6
months showed a slowly progressive mus-
cle atrophy, coupled with reduced muscle
force-generating capacity. Histologically,
the muscles of these mice showed necrosis
and regeneration, infiltration of immune
cells, accumulation of extracellular matrix,
occasional fat deposition, decreased cap-
illarity density, and reduced numbers of
endothelial cells and pericytes, all in the
presence of rare DUX4" myofibers (17).
Thus, the muscle phenotype of the iDUX-
4pA-HSA mice mimics that of the human
FSHD muscle.

Bosnakovski and colleagues then com-
pared the transcriptional profile of the
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Figure 1. FAPs’ potential contribution to FSHD myopathy. Upon acute muscle injury, normal muscle (center) shows necrosis of the damaged fibers and
then the formation of new fibers by the fusion of the resident MuSCs (left). In this context, FAPs proliferate to assist this process and subsequently return
to the basal level. Conversely, the continuous cycles of muscle necrosis and regeneration, as in FSHD, result in the excessive deposition of FAPs, a change
that helps to explain the massive accumulation of fibrosis and intramuscular fat in the dystrophic muscle (right).

muscle of iDUX4pA-HSA mice treated
acutely (2 weeks) or chronically (16 weeks)
identified the
expression of DUX4 target genes as well
as of cell death-related pathways in both
treatment groups (17). Chronic DUX4
expression resulted in higher levels of dys-
regulation of pathways associated with
the immune response. Importantly, the
researchers found that the set of the dif-
ferentially expressed genes (DEGs) in the
chronically treated mice overlaps with that
of their human homolog genes in FSHD
muscle obtained from MRI-guided biop-
sies of short T1 inversion recovery (STIR)
positivity, thought to indicate active dis-
ease (17,18, 19).

with doxycycline and

Accumulating fibroadipogenic
progenitors

Fibroadipogenic progenitors (FAPs) are
muscle interstitial mesenchymal cells that
play a key role in muscle regeneration (20,
21). While the inflammatory cells recruited
by the damaged muscle regulate FAPs
proliferation and apoptosis, FAPs coor-
dinate the action of the muscle satellite
cells (MuSCs) to produce new myofibers
(20-22), as shown by the impaired muscle
regeneration after injury in FAP-depleted
mice or by blocking FAP expansion by
pharmacological means (22-24). This sug-
gests that the presence of a carefully equil-
ibrated signaling crosstalk among MuSCs,
muscle fibers, and FAPs leads to successful
muscle healing after injury (20, 21). How-
ever, in dystrophic muscle, FAPs largely
terminally differentiate into fibroblasts
and adipocytes (5, 22), an outcome that
severely and irreversibly compromises the
muscle physiology, leading to the common

end-stage pathology of muscle, and indi-
cating the loss of this intercellular equilib-
rium (refs. 3, 25 and Figure 1).

Bosnakovski et al. demonstrate that
iDUX4pA-HSA mice treated with doxycy-
cline for 3 months had a dose-dependent
accumulation of intramuscular FAPs.
This change correlated with the degree of
muscle atrophy, the extension of the intra-
muscular fibrosis and inflammatory infil-
trate, and the reduction in MuSCs number
(17). However, it is not clear whether the
reduced number of MuSCs is due to their
exhaustion from chronic muscle degener-
ation and regeneration or whether muscle
fibers, which express DUX4, can induce
apoptosis in MuSCs.

The authors then performed a gene
expression analysis on FAPs of the iDUX-
4pA-HSA mice treated with doxycycline
acutely for 10 days or chronically for 6
months and found that the FAPs from
the two time points share only the 22%
of DEGs (17). Of note, FAPs from chronic
treatment showed the downregulation
of antiinflammatory signaling, suggest-
ing that DUX4-expressing myofibers can
drive a process of selection/differentia-
tion of FAPs, making FAPs more sensi-
tive to inflammatory stimuli during the
progression of the disease (17). Here, it is
important to note that the accumulation of
FAPs in the muscle of chronically treated
iDUX4pA-HSA mice is associated with an
increased number of inflammatory cells,
which release cytokines that can affect
FAPs transcriptome. Interestingly, most of
the DEGs of FAPs sorted from the chron-
ically treated mice are not shared with
FAPs isolated after acute muscle injury
with cardiotoxin or after muscle denerva-
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tion (4). In this regard, while the shared
DEGs, belonging to pathways controlling
cell adhesion and motility, may represent
a common signature of FAPs of muscles
experiencing different types/degrees of
injury and adaptation, the unique DEGs
may represent the signature of FSHD
FAPS. These DEGs may reflect the result
of the inputs delivered to FAPs during
the progression of the myopathy, e.g., by
the unbalanced equilibrium of proinflam-
matory and antiinflammatory cytokines
that may affect FAPs’ differentiation. Of
note, FAPs from both acutely and chronic
treated iDUX4pA-HSA mice and FSHD
muscle biopsies show comparable changes
of expression between the mouse genes
and their human orthologs, indicating a
similarity in the progression of the FSHD
myopathy between the patients and this
experimental mouse model (17).

This intriguing paper highlights evi-
dence that FAPs accumulate in DUX4-
expressing dystrophic muscle and do not
respond to stimuli that return their num-
bers to a basal level, as occurs after an acute
muscle injury. On the contrary, FAPs from
DUZX4-expressing dystrophic muscle seem
to be locked in a condition that may facili-
tate their differentiation into fibroblasts and
adipocytes. In this respect, the simultane-
ous presence of both proinflammatory (M1)
CD68* and antiinflammatory (M2) CD206*
macrophages in the muscle of the chron-
ically treated iDUX4pA-HSA mice suggests
that the necrosis of the FSHD muscle could
establish a dysregulated cytokine envi-
ronment that allows FAPs accumulation
and fibrogenic/adipogenic differentiation.
Based on this evidence, it will be important
to investigate whether intramuscular fibro-

Number5  May 2020

2187


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5

COMMENTARY

blasts and adipocytes result from the differ-
entiation of FAPs belonging to the whole
FAPs population or, instead, from the step-
wise selection/differentiation of specific
FAPs subpopulations, whose existence
has been suggested in DMD experimental
models (5). Understanding the mechanism
of the massive FAPs adipogenic differen-
tiation in the FSHD muscle is a key point
for the design of new and effective thera-
pies for FSHD, in which the common final
pathology is fatty replacement.
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