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Abstract

Facioscapulohumeral muscular dystrophy (FSHD), a progressive myopathy
that afflicts individuals of all ages, provides a powerful model of the complex
interplay between genetic and epigenetic mechanisms of chromatin regula-
tion. FSHD is caused by dysregulation of a macrosatellite repeat, either by
contraction of the repeat or by mutations in silencing proteins. Both cases
lead to chromatin relaxation and, in the context of a permissive allele, aber-
rant expression of the DUX4 gene in skeletal muscle. DUX4 is a pioneer
transcription factor that activates a program of gene expression during early
human development, after which its expression is silenced in most somatic
cells. When misexpressed in FSHD skeletal muscle, the DUX4 program
leads to accumulated muscle pathology. Epigenetic regulators of the disease
locus represent particularly attractive therapeutic targets for FSHD, as many
are not global modifiers of the genome, and altering their expression or ac-
tivity should allow correction of the underlying defect.
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Epigenetics:

the study of changes in
organisms caused by
modification of gene
expression rather than
alteration of the
genetic code

Epigenetic
modification:

a heritable change in
phenotype or gene
expression not caused
by an alteration in
DNA sequence

Chromatin:
chromosomal DNA
with its associated
proteins and RNA

Asymptomatic:
fulfilling the genetic
requirements for a
disease but having no
discernible clinical
symptoms

D47Z4: a subtelomeric
macrosatellite array at
4935 and 10q26

Macrosatellite:

a tandem array of
DNA repeats, with
each repeat unit
consisting of 100 base
pairs or more
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INTRODUCTION

While the genetic basis for disease is well established, work in recent years has uncovered a strong
epigenetic component to many human disorders. Epigenetic modifications of chromatin can be
passed on to subsequent cellular generations and are vital for maintaining cell-type-specific pat-
terns of expression and repression. These mechanisms are integral to a host of normal biologi-
cal functions, and their disruption leads to specific maladies, from developmental syndromes to
metabolic disorders, neurodegenerative diseases, and cancer. A significant challenge for biomedi-
cal research is to understand the complex interactions between genetic and epigenetic mechanisms
that drive cellular processes in both health and disease. Facioscapulohumeral muscular dystrophy
(FSHD) provides a powerful model of this interplay. The study of FSHD patients—who range
from clinically asymptomatic to severely affected—continues to shed light on a disease in which
the clinical presentation is determined by a combination of genetic and epigenetic defects and
modifiers. In this review, we highlight the spectrum of molecular conditions that lead to FSHD,
and the therapeutic opportunities presented by regulators of the disease locus.

THE GENETICS AND CLINICAL PRESENTATION OF
FACIOSCAPULOHUMERAL MUSCULAR DYSTROPHY

One of the most prevalent myopathies, FSHD affects males and females of all ages (39, 111, 113,
132). It is an autosomal dominant disease that causes progressive weakness and atrophy of spe-
cific muscle groups. Muscles of the face and upper body are typically affected first, followed by
muscles of the lower extremities; however, the range of affected muscles and degree of weak-
ness are highly variable and often asymmetric (113, 139). Variability in disease onset, progres-
sion, and severity—both between and within families—is a striking hallmark of the disease. Most
patients develop noticeable weakness after adolescence, with males typically manifesting symp-
toms in their late teens and twenties, and females doing so in their twenties or thirties. However,
some early-onset cases, which are often severe, display symptoms before the age of 10 (22, 79).
Opverall, FSHD subjects range from essentially asymptomatic to clinically severe (73, 113, 131,
132, 135), with approximately 20% eventually becoming wheelchair-bound (79, 114). This high
variability within the clinical spectrum suggests that FSHD—along with an emerging number of
other diseases—is controlled by multiple genetic, epigenetic, developmental, and environmental
factors.

The FSHD locus exists in an unusual part of the genome: the D4Z4 macrosatellite repeat
array in the subtelomere of chromosome 4 at 4q35 (141, 148, 150). In the general healthy popula-
tion, this array consists of 11-100 D4Z4 repeat units (RUs) on both 4q chromosomes. In FSHD1
(OMIM 158900), the most common form of the disease, this array is contracted to 1-10 RUs
on one 4q chromosome (140, 150, 163). Only contractions in cis with specific disease-permissive
haplotypes of the 4gA distal subtelomere are associated with FSHDI1 (85, 90, 93, 94). Although
chromosome 10g26 contains a subtelomeric D4Z4 macrosatellite array that is highly homologous
to the array at 4q35 (7, 40), contractions at 10q26 are nonpathogenic (86, 94, 122, 163). Thus, in
combination with a clinical diagnosis, the genetic diagnosis for FSHD1 is a contraction at 4q35
to 1-10 D4Z4 RUs in cis with a permissive 4qA subtelomere (Figure 1).

FSHD2 (OMIM 158901) represents approximately 5% of cases and is clinically indistinguish-
able from FSHD1 (36). FSHD?2 patients also carry at least one permissive 4qA subtelomere (37,
86, 88, 90), but there is no FSHD1-sized contraction of the D4Z4 array at either 4q chromosome,
although most patients have at least one 4qA allele with less than 26 RUs, and the average FSHD2
patient has a 4qA allele of 12-16 RUs (36, 87) (Figure 1). Instead of repeat contraction, FSHD2
is caused by mutations in proteins required to maintain epigenetic silencing of the disease locus.
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Figure 1

The genetics and epigenetics of facioscapulohumeral muscular dystrophy (FSHD), depicting the FSHD1
and FSHD? alleles compared with a spectrum of healthy alleles. The D4Z4 macrosatellite arrays at standard
chromosomes 4q35 and 10q26 contain from 11 to approximately 100 repeat units (RUs) (blue triangles). In
FSHD1 patients, the array is contracted to 1-10 RUs on one 4q35 allele. (Note that this represents the
standard genetic diagnosis, but most patients at the higher end of this spectrum are asymptomatic.) FSHD2
patients display slightly shorter arrays (8 to approximately 26 RUs) within the typically healthy range. The
telomeric region distal to the array exists as two prominent alleles: 4qA and 4qB. Rare chromosomes lacking
A or B are referred to as 4qC (91). In healthy individuals, the array is marked by DNA hypermethylation and
chromatin compaction, indicating a state of transcriptional repression. In both FSHD1 and FSHD?2, the
array displays DNA hypomethylation and chromatin relaxation, indicating a state that is more permissive for
gene expression. Asymptomatic individuals display an epigenetic profile that is intermediate between
unaffected and affected. The DUX4 gene is encoded within each RU of the D474 array. Both forms of
FSHD require disease-permissive haplotypes of 4qA (containing a polyadenylation signal for DUX4) and at
least 1 RU. Nonpermissive haplotypes on either 4gA or 10gA do not result in FSHD. The pathogenic
full-length DUX4 transcript (DUX4-f]) is expressed in both forms of FSHD and occasionally in
asymptomatic subjects, whereas expression is very rare or undetectable in healthy individuals. Additional
abbreviation: PAS, polyadenylation signal.
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The most commonly mutated gene in FSHD?2 is SMCHD! (structural maintenance of chromo-
somes flexible hinge domain—containing protein 1; OMIM 614982) (88, 103, 151), encoding a
noncanonical SMC protein whose mouse homolog is required for establishing and maintaining
DNA methylation at the inactive X chromosome and certain autosomal loci (5, 12,27, 48, 49, 101,
105). Mutations in the de novo DNA methyltransferase gene DNMT3B are also linked to FSHD?2
(138). In addition to causing FSHD2, mutations in both SMCHDI and DNMT3B are modifiers
of disease severity in FSHD1 (124, 138).

Early-onset FSHD, also referred to as the infantile form of the disease, has the same genetic
diagnosis as FSHD1 but is generally associated with very short (1-3 RUs) D4Z4 arrays (21, 22,
79). This form is clinically more severe and progresses more rapidly than the adult-onset disease.
Infantile FSHD is defined by facial weakness that is apparent before the age of 5 and/or shoul-
der girdle weakness before the age of 10 (21). Muscle weakness is often accompanied by high-
frequency hearing loss, retinal vasculopathy, and cognitive impairment, and sometimes by cardiac
and respiratory symptoms (22, 28, 79). This severe form of FSHDI1, and the fact that not all short
(1-3 RUs) arrays present in this manner, further supports the existence of genetic or epigenetic
modifiers of disease severity.

THE EPIGENETICS OF FACIOSCAPULOHUMERAL
MUSCULAR DYSTROPHY

Early indications that FSHD may have an epigenetic component came from investigating cor-
relations between repeat size and disease severity. While there is no linear relationship, there is
an imperfect correlation among the extremes of pathogenic-sized arrays, as FSHD1 subjects with
1-3 RUs tend to be clinically severe cases, while subjects with 8-10 RUs often present with milder
symptoms or can be asymptomatic (97, 119, 131, 142, 152). Additionally, the currently accepted
genetic requirements for FSHD are present in approximately 1-3% of the general population,
typical of a common genetic variant and two orders of magnitude higher than the reported in-
cidence of FSHD, highlighting that these genetic conditions are merely disease permissive (120,
126). Seemingly healthy individuals who do not recognize any muscle weakness in themselves
are considered FSHD1 asymptomatic, and it is unclear whether they truly lack pathology, have
pathology but no noticeable weakness due to compensatory muscles, or have delayed pathology
and will develop the disease later in life. Similarly, FSHD family studies have identified some strik-
ing examples of asymptomatic FSHD1 cases, even at advanced ages, in cases where a first-degree
relative with the same contraction is clinically affected (e.g., a severely affected 66-year-old with
asymptomatic 69-year-old brothers) (73). Even multiple cases of monozygotic twins with discor-
dant FSHD phenotypes have been reported (57, 125, 137). Thus, there is more to developing
clinical FSHD1 than the known diagnostic genetic lesion, and overall, the FSHD1 clinical data
suggest a strong epigenetic component to disease onset, progression, and severity (4, 55, 73, 120,
125,126, 135, 152, 159).

As with many repetitive elements in the human genome, D4Z4 macrosatellite arrays are nor-
mally under strong epigenetic repression in adult somatic cells. In FSHDI, the physical absence
of hundreds of nucleosomes on the contracted array results in a loss of this repression. The con-
tracted array displays more relaxed chromatin characterized by DNA hypomethylation (37, 75,
76, 87,142, 143) and reduced enrichment of the repressive trimethylation of histone H3 lysine 9
(H3K9me3) mark, HP1vy, and cohesin (8, 162). In FSHD?2, despite the presence of healthy-sized
D4Z4 arrays, mutations in proteins required for normal silencing result in a similar chromatin re-
laxation at both 4q arrays, as well as a pronounced DNA hypomethylation at both the 4q and 10q
arrays. In infantile FSHD, subjects also show extreme epigenetic dysregulation of the FSHD locus
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(P.L. Jones, unpublished data). Thus, the primary genetic defects in all forms of FSHD converge
in a loss of chromatin repression at a disease-permissive D474 array (Figure 1).

Several repeat expansion disorders, including fragile X syndrome, myotonic dystrophy type I,
Friedrich’s ataxia, and amyotrophic lateral sclerosis, are characterized by the expanded repeat
triggering DNA methylation and repressive histone modifications, which lead to decreased gene
expression (63, 154). Although it remains to be shown, it is certainly possible that the range in phe-
notypic severity for each disease, which is particularly striking in myotonic dystrophy type I, is not
justa function of repeat length but s also dependent on epigenetic modifiers. Defects in epigenetic
regulators are responsible for a growing number of genetic disorders (11), and such regulators
are prime candidates for modifiers of FSHD and other complex diseases, as discussed below.

THE ROLE OF DUX4 IN FACIOSCAPULOHUMERAL MUSCULAR
DYSTROPHY PATHOGENESIS

Sequence analysis of the contracted FSHD-associated D4Z4 array revealed that each RU contains
a single copy of a retrogene (termed DUX4) with an open reading frame potentially encoding a
paired homeobox domain protein (46). However, due to its extremely low expression levels, it took
nearly eight years to confirm the existence of DUX4 mRNA and protein in myogenic cells derived
from FSHD patients (41). Subsequent analyses have shown that the only genes consistently found
to be misexpressed in both FSHD1 and FSHD2 myocytes are DUX4 and its downstream targets
(44,73,90,130, 157). DUX4 is thought to have originated following a gene conversion event in the
DUXC macrosatellite array that occurred in the primate and Afrotheria lineages, and subsequent
translocation to 4qter in primates (30, 83, 84). Although each D4Z4 RU encodes the entire DUX4
open reading frame, only the distal-most unit produces a mature transcript that is stabilized by
splicing to a downstream polyadenylation signal (PAS) in noncoding exon 3, distal to the array
(Figures 1 and 2). This PAS is present only in 4qA disease-permissive subtelomeres, explaining
the linkage of both FSHD1 and FSHD?2 to 4gA (90, 130, 133).

DUXH4 encodes two different mRNA isoforms generated through alternative splicing: a non-
pathogenic short form of unknown function (DUX4-s) that can be detected in healthy somatic
cells, and a full-length form (DUX4-f]) that is expressed early in development and is generally
silent in healthy adult somatic tissues (130) (Figure 2). DUX4-fl encodes a double homeobox
transcription factor that normally performs a pioneer function at the cleavage stage to activate a
program of early embryonic gene expression, after which it is epigenetically repressed in somatic
tissues (38, 64, 147). In addition, DUX4 is normally expressed in germline cells of the testis, where
it utilizes a PAS in exon 7 (130) (Figure 2), and is thus capable of being expressed by all males
regardless of 4qA haplotype.

Even low levels of DUX4-FL are highly cytotoxic when expressed in adult somatic cells or dur-
ing the course of vertebrate development (18, 74, 81, 102, 145, 153). Once misexpressed in FSHD
skeletal muscle, DUX4-FL activates genes not normally expressed in this tissue (e.g., germline
genes, immune mediators, and retroelements) (50, 158), alters RINA and protein metabolism (43,
70), disrupts myogenesis (17, 42, 80), and initiates an apoptotic cascade (81, 121, 127), ultimately
leading to accumulated muscle pathology. Two myogenic enhancers proximal to D4Z4 activate
DUX4-fl expression in differentiated myocytes (65), providing a potential explanation for the rel-
atively muscle-specific pathology seen in FSHD. Skeletal muscle may also be uniquely sensitive
to the downstream effects of DUX4-FL expression (158). Whether aberrant DUX4 expression
occurs in FSHD muscle satellite (stem) cells has not yet been addressed. Misexpression of DUX4-
FL in satellite cells might lead to a progressive loss of muscle regenerative capacity over time,
consistent with the typically late onset of clinical symptoms in FSHD.
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production of unstable, nonpathogenic, short DUX#4 isoforms in healthy myocytes (not shown) to pathogenic DUX4-f] transcripts in
FSHD myocytes. The presence of an exon 3 PAS within permissive haplotypes allows aberrant stabilization of these DUX4-f]
transcripts. Likely regions for therapeutic targeting are indicated by colored bars: antisense oligonucleotides (red bars) (3, 100, 115),
microRNAs (yellow bars) (146), CRISPR epigenetic modulation (black dotted bars), CRISPR inhibition (purple bars) (67), CRISPR editing
(green bar), and small interfering RNAs recruiting the Dicer/Argonaute silencing system (blue bar) (95). The orange asterisks indicate
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Repeat genome: the
portion of the human
genome composed of
repetitive elements,
either dispersed
throughout the
genome or occurring
in tandem repeat
arrays
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Expression of DUX4-FL occurs in stochastic bursts in a small proportion of myonuclei (65, 73,
121, 130), consistent with the sporadic muscle involvement seen in FSHD patients. Interestingly,
some asymptomatic subjects also express DUX4-f], at levels similar to those in affected individuals,
as do a few healthy subjects, at levels significantly lower than those in affected individuals (73,
75). The expression of DUX4-fl in the absence of clinical symptoms suggests that, in addition to
modifiers of DUX4-fl expression, modifiers of DUX4-FL function also exist.

DUX4 AS PART OF THE REPEAT GENOME

The D4Z4 macrosatellite array containing DUX4 is one of many highly repetitive sequences that
constitute nearly half the human genome. In 2010, Hall & Lawrence (60) suggested that this repeat
genome encodes a wealth of regulatory functions that remain to be discovered and appreciated. A
growing body of evidence continues to support this speculation, despite the traditional dismissal
of these regions as trivial, inert, or junk DNA. Repetitive sequences are involved in chromatin
organization and regulation and continue to drive the evolution of host genomes and the rewiring
of entire transcriptional networks (32, 45).

Tandem repeats play roles in chromosome silencing and escape from silencing (60). Transpos-
able elements can serve as enhancers, boundary elements, and promoters for networks of genes;
alternative promoters derived from endogenous retroviruses play roles in epigenetic inheritance
(47, 51). Retrotransposons, which are widely expressed at the two-cell stage of embryogenesis,
also contribute their regulatory elements to other two-cell-stage-specific genes to drive lineage
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specification (98). Long terminal repeats, which are among the most polymorphic and diverse
regions of the human genome (136), contribute to tissue-specific gene regulation in mammals
and undergo recombination to contribute to genome evolution (31). The human glycophorin
gene family arose from homologous recombination within A/ elements (118), and retroelements
have played a major role in duplication and insertion/deletion events that led to the present
organization of the human major histocompatibility complex class I region (82). Domestication
of retroviral genes in mammals has played a role in the development of antiviral mechanisms
(156) and the evolution of the placenta (31).

Although the mammalian cell employs many strategies to limit the spread of retrotransposons,
more than 100 diseases are caused by germline insertions of these mobile elements, and other
lesions in the repeat genome can give rise to specific disorders. While certain repeat contrac-
tions can lead to FSHD, repeat expansions are responsible for more than 30 neurodegenerative or
neuromuscular conditions (112) and may influence predisposition to cancer (14). Additionally, re-
combination between homologous endogenous retroviruses on the Y chromosome may have led
to microdeletions that cause male infertility (77). Thus, while the mammalian cell has co-opted
repetitive sequences for certain functions, their activity must be tightly controlled under most cir-
cumstances. The DUX4 retrogene is a classic example of this duality. Both DUX4 and its mouse
ortholog (Dux) evolved from retrotransposition of an ancestral DUX gene that likely functioned
to activate a cleavage-stage transcriptional program. While Dux and DUX4 have maintained a
core ancestral network of these two-cell-stage target genes, they have also gained the ability to
activate different subsets of retroelements in their respective species, with genes induced by these
retroelements likely representing species-specific additions to the DUX-driven embryonic pro-
gram (147). This innovation is counterbalanced by the need to subsequently silence DUX4 ex-
pression in most somatic tissues. When this epigenetic repression fails—in a genetically permissive
context—aberrant DUX4 expression in skeletal muscle results in FSHD.

The fact that Old World primates have maintained an intact DUX4 gene can be explained by
its role in early embryogenesis and its presumptive role in germ cells. In contrast to many cellular
genes, which have borrowed regulatory elements from endogenous retroviruses, the DUX4 ret-
rogene appears to have borrowed two enhancers from proximal host sequences. These enhancers,
which activate aberrant DUX# transcription in FSHD myocytes, may also drive its expression
in the cleavage-stage embryo and germ cells of the testis. Although the mechanisms controlling
normal DUX#4 expression are still uncharacterized, these upstream enhancers contain a plethora
of consensus binding sites for developmental transcription factors as well as myogenic factors
(65), and tracks from the Encyclopedia of DNA Elements (ENCODE) show strong peaks for en-
richment of enhancer histone marks and DNase hypersensitivity in human embryonic stem cells.
Thus, it seems plausible that in the absence of normal somatic repression, epigenetic pathways that
activate DUX4 at other times and places could be aberrantly activated in FSHD muscle, allowing
myogenic factors inappropriate access to DUX4 regulatory regions.

Although DUX4 is a powerful example of the capacity for function and dysfunction within the
repeat genorme, a rare combination of genetic and epigenetic events is required for its misexpres-
sion in skeletal muscle. If other disorders are caused by a failure of retrogene repression in other
tissues, they remain to be discovered.

DIAGNOSTICS FOR FACIOSCAPULOHUMERAL
MUSCULAR DYSTROPHY

Since the genetic lesion in FSHD1 is a polymorphic deletion in the highly repetitive D4Z4
macrosatellite array specifically on chromosome 4q, but not on other D474 arrays (86), genetic
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diagnostic techniques using either targeted exome sequencing panels or whole-exome/genome
sequencing fail to identify FSHDI1 subjects. Typical genetic diagnosis for FSHD is complicated,
expensive, and labor intensive (85, 86), requiring the isolation of very high-molecular-weight ge-
nomic DNA from lymphocytes obtained from freshly drawn blood samples (91). The purified
DNA is then embedded in agarose for in-gel digestion with several combinations of restriction en-
zymes. The agarose-DNA plugs are subjected to pulsed-field gel electrophoresis (PFGE), South-
ern blotting, and multiple hybridizations with DNA probes to identify the size of each 4q and
10q array (141, 149), as well as probes for the generally permissive A-type subtelomere and non-
permissive B-type subtelomere to identify the 4q35 and 10q26 haplotypes (85). Subjects with 1-
10 RUs on a disease-permissive A-type subtelomere are genetically diagnosed as having FSHD1.
This PFGE technique is the current standard for FSHD1 testing; however, it can fail to identify
pathogenic contractions on hybrid 4q and 10q chromosomes, 4q duplication chromosomes, and
chromosomes with deletions in the region hybridizing to the p13E-11 probe for Southern blot-
ting, and it can misidentify 4qA chromosomes as being pathogenic when they are in fact nonper-
missive due to common single-nucleotide polymorphisms. Thus, the cost, logistical requirements,
and limited testing sites make this FSHDI1 testing essentially inaccessible to some populations, and
alternatives are needed.

Molecular combing, a recent alternative to PFGE testing, is a cell-based fluorescence method
to identify an FSHD1-sized deletion on a 4qA chromosome (109, 144). Compared with the PFGE
Southern blot technique, this method allows direct visualization of D4Z4 arrays on 4q and 10q,
more precise repeat sizing of each array, A/B haplotyping, and better resolution of 4q and 10q
interchromosomal rearrangements and D4Z4 array duplications (108, 144). However, molecular
combing has some of the same drawbacks: Because nonpermissive 4qA alleles are not identified
and intact cells are required for sample collection, this technique cannot be performed on puri-
fied genomic DNA samples (109). In addition, neither PFGE Southern blotting nor molecular
combing diagnoses or excludes FSHD2, which is contraction independent (88, 143).

As discussed above, epigenetic dysregulation of specific D4Z4 arrays is a key feature that
distinguishes FSHD from non-FSHD subjects and also FSHD1 from FSHD2 (66). Thus, epi-
genetic analysis is a viable approach to diagnosis (76). In FSHD]1, only the contracted 4q allele is
epigenetically dysregulated in FSHD1, while both 4q and 10q arrays are dysregulated in FSHD?2
(37, 143); the polymorphic D4Z4s elsewhere in the genome remain epigenetically unchanged
from the healthy state in both forms of FSHD (161). As such, FSHD2 can be identified using
methylation-sensitive restriction enzyme analysis (Fsel) for the combined 4q and 10q proximal
D474 RUs (Figure 3); however, this technique cannot accurately identify FSHD1 subjects
(37, 143) and needs to be used in conjunction with PFGE analysis. Determining the DNA
methylation profile for the contracted 4q allele alone, compared with that for all four alleles, is
necessary for reliable FSHD epigenetic diagnostics. With this in mind, our laboratory developed
a DNA methylation assay that can, in fact, distinguish between individual FSHD1, FSHD?2, and
unaffected subjects, using PCR-based bisulfite sequencing (BSS) reactions that assess methylation
(@) across the pathogenic DUX4 gene body of 4gA alleles specifically at the distal D424 RU
(BSSA) and (§) across the DUX4 promoter of all 4q and 10q D4Z4 RUs (BSSX) (76) (Figure 3).
This assay shows that FSHD1 patients display DNA hypomethylation restricted to the DUX4
gene body of the contracted 4qA chromosome (BSSA), whereas FSHD2 patients exhibit severe
hypomethylation across both regions, and unaffected subjects display hypermethylation across
both regions. Within families, this technique can distinguish FSHD1-affected subjects, asymp-
tomatic subjects, and unaffected subjects, with asymptomatic subjects displaying an intermediate
level of methylation across the pathogenic RU compared with their affected and unaffected
family members (75) (Figure 1). Perhaps most significantly, this assay does not require any
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Figure 3

The use of DNA methylation profiles to distinguish between facioscapulohumeral muscular dystrophy type 1 (FSHD1), FSHD2, and
unaffected subjects. (#) Bisulfite sequencing (BSS) across the DUX4 gene body of the distal 4qA-specific D4Z4 repeat unit (RU) (BSSA)
shows hypomethylation in FSHD1 patients and severe hypomethylation in FSHD?2 patients compared with unaffected individuals (75,
76). In addition, BSS across the DUX4 promoter of all 4q and 10q D4Z4 RUs (BSSX) shows hypomethylation in FSHD2 (but not
FSHD1) patients (76). CpGs in each region are listed in order, with each row representing an independent chromosome; red boxes
indicate methylated CpGs, blue boxes indicate unmethylated CpGs, and white boxes indicate that no CpG was detected at the expected
site. (b)) The regions assayed by BSS are the D4Z4 5’ region (blue bars) and 4qA-specific distal DUX4 gene body (red bars). The Fsel
methylation-sensitive restriction sites (F) are indicated, with the proximal sites analyzed by Southern blotting highlighted in yellow.
Additional abbreviations: PAS, polyadenylation signal; pLAM, distal region flanking the D474 array; Q1, lower quartile of percent
methylation of all sequenced clones.
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special handling or equipment and can be performed using genomic DNA isolated by standard
techniques from any fresh or frozen source, including saliva, and it is therefore compatible with
genomic DNA isolated for other types of genetic analyses (76). When combined with 4qA PAS
sequencing (24), epigenetic analysis is a cost-effective and highly accessible FSHD diagnostic (76).

FACIOSCAPULOHUMERAL MUSCULAR DYSTROPHY TYPE 2
AND ARHINIA: DIFFERENT SYNDROMES CAUSED
BY MUTATIONS IN SMCHD1

The majority of FSHD?2 cases are caused by mutations in SMCHDI. Interestingly, mutations in
this protein can also lead to arhinia, a rare developmental disorder characterized by the complete
absence of an external nose. When this condition is accompanied by other craniofacial defects and
a reproductive phenotype, the triad is known as Bosma arhinia microphthalmia syndrome (OMIM
603457) (15, 19). Two groups recently reported heterozygous missense mutations in SMCHDI as
the predominant genetic driver of arhinia (53, 129), and global analysis of gene expression showed
reduced expression of nine genes consistent with a craniofacial phenotype (129).

The mechanisms by which mutations in SMCHD] lead to such phenotypically different dis-
eases remain to be elucidated and bear on the activity and functional roles of this chromatin reg-
ulator, which are only partially understood. SMCHD1 is required for methylation, silencing, and
compaction of the inactive X chromosome (12,49, 110), as well as repression at certain autosomal
loci (27, 49, 101, 105). It binds to a limited subset of loci enriched for H3K9me3 via interactions
with HBiX1 and HP1, and also to loci enriched for H3K27me3, in a manner independent of
HBiX1 (20, 110). Colocalization of SMCHD1 and CTCF at many regulatory elements in the de-
veloping brain (27) suggests that SMCHD1 may be involved in regulating long-range chromatin
interactions. The presence of an N-terminal ATPase domain raises the possibility that SMCHD1
may mediate ATP-dependent chromatin remodeling.

SMCHDI mutations in FSHD2 are commonly truncation variants, with occasional missense
variants, spanning the entire gene (88) (Figure 4). By contrast, all known arhinia mutations are
missense variants within the extended ATPase domain of SMCHD1, which cluster on the surface
of the protein (129) (Figure 4). When recombinant proteins bearing a subset of these mutations
were tested in AT Pase assays, the effects on enzymatic activity were highly variable across patient
variants (53, 59). Upon overexpression in Xenopus, a subset of arhinia variants conferred a small-
eye phenotype regardless of their ability to hydrolyze ATP (53, 59), casting further doubt on the
functional relevance of this assay but leading the authors to propose a gain-of-function model.
Since the function of the SMCHD1 ATPase domain is unknown, the biological impact of any
effect on ATPase activity is unclear. Increased enzymatic activity would not necessarily equate
to enhanced silencing capacity, and most arhinia patients indeed exhibit D4Z4 hypomethylation
characteristic of FSHD?2 (129), indicating a loss of function. Smchd1 ablation in zebrafish embryos
yielded craniofacial phenotypes that were not recapitulated by overexpression of arhinia variants
(129), further supporting a loss-of-function model.

Loci that are subject to stable and heritable silencing tend to employ multiple and only partially
overlapping mechanisms to ensure maintenance of repression (72). SMCHD1 provides one such
selective mechanism, as it is critical not for global silencing in somatic cells but only for silencing
at certain loci, such as D4Z4 and several autosomal gene clusters (101). As a silencing factor,
SMCHD1 also uses different mechanisms to effect repression of its targets. For example, different
subsets of X-linked genes are upregulated in Swuchdl- and Dnmt3b-null embryos (48), suggesting
that Smchdl silences some of its targets by a mechanism independent of Dnmt3b recruitment.
Indeed, the interactions of SMCHD1 with a variety of factors (e.g., HBiX, HP1, and potentially
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Figure 4 (Figure appears on preceding page)

Epigenetic regulation at the facioscapulohumeral muscular dystrophy (FSHD) locus in health and disease. (#) Mechanisms of normal
epigenetic repression at D4Z4 arrays are dysregulated in FSHD myocytes. (b) In the disease state, there is altered recruitment of factors
mediating silencing, transcriptional repression and activation, long-range interactions, nuclear matrix localization, and telomeric
regulation. Additional abbreviations: Ac, acetylation; BAMS, Bosma arhinia microphthalmia syndrome; IncRNA, long noncoding RNA;
RdDM, RNA-directed DNA methylation; RU, repeat unit.
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CTCEF and long noncoding RNAs such as Xist) suggest diverse regulatory functions and multiple
modes of repression. Further investigation into arhinia variants should help to uncover some of
these alternate mechanisms. While most FSHD?2 variants result in SMCHD1 truncations and
haploinsufficiency, arhinia missense variants likely interfere with one or more functions, such as
SMCHD1 homodimerization, binding to ATP, binding to DNA, and interaction with accessory
factors.

Intriguingly, for three separate variants, an identical mutation has been identified in both an
FSHD?2 patient and an arhinia patient (106, 129), supporting the role of other factors or modi-
fiers in disease presentation. The incomplete penetrance of SMCHDI variants in arhinia, along
with the fact that FSHD?2 patients display no evidence of arhinia (106), is also a strong indication
of other factor involvement. While a fraction of arhinia patients will be permissive for FSHD?2,
clinical manifestations of the latter disease may be overlooked in individuals who have under-
gone craniofacial reconstructive surgery. Nonetheless, of the two arhinia patients in the cohort
of Shaw et al. (129) who met all genetic and epigenetic criteria for FSHD2, one displayed symp-
toms of both disorders. As within the FSHD spectrum, investigation into such rare cases should
yield valuable insights. Understanding how similar or even identical mutations in the same gene
can lead to strikingly different diseases is a critical step toward developing effective and specific
therapies for each.

DISEASE MODIFIERS: LEARNING FROM THE EXCEPTIONS

William Bateson, who played a large part in reintroducing Mendel’s genetics to the Darwinian
world, implored researchers to “treasure your exceptions!” (9, p. 19); following that advice has
led to invaluable insights into the mechanisms of FSHD development and pathogenesis. The
study of unusual individuals within the FSHD spectrum—from asymptomatics to patients with
borderline alleles and severe phenotypes—has brought a deeper understanding of the complexities
of this disease and suggests that the originally defined diagnostic cutoffs for repeat length should
be softly interpreted. Indeed, recent studies of patients with characteristics of both FSHD1 and
FSHD? indicate that the two forms of the disease are not distinct, but rather form a single disease
continuum in which the combination of genetic and epigenetic defects determines the severity.

Disease modifiers can occur both in ¢is (as sequence variants within the FSHD locus) and in
trans (as variants in factors regulating D474 chromatin). The size of the D474 repeat itself is a cis
modifier, as FSHD2—originally defined as contraction independent—is characterized by shorter
repeat sizes within the typically healthy range (8-26 RUs), rendering these arrays susceptible to
further hypomethylation (36, 87). Several other cis modifiers have been identified, including a
distal element that aids DUX4 cleavage and polyadenylation (115) (Figure 2), D4Z4 duplications
on permissive alleles (92), and the potential for biallelic DUX4 expression due to the presence of
two permissive alleles (89). All of these sequence variants have one thing in common: the potential
for increased stable DUX4-f] expression.

Trans modifiers are being aggressively investigated, as these often represent viable therapeutic
targets. Both of the genes mutated in FSHD2 (SMCHD1 and DNMT3B) are also modifiers of dis-
ease severity in FSHD1 (124, 138), and both were identified as such by a study of unusual cases. In
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the earlier study, three of six unrelated patients with borderline FSHD1 alleles and marked D474
hypomethylation (indicative of FSHD2) also had mutations in SMCHD1 (124). While D474 re-
peat length tends to correlate inversely with clinical severity (54, 96, 107, 119, 131), the three
patients with SMCHDI mutations exhibited very severe clinical phenotypes despite carrying al-
leles of near-normal size (9 D4Z4 RUs each) (124). Knocking down SMCHD1 protein in FSHD1
myotubes led to increases in both DUX4-f]l mRNA and DUX4-FL target gene expression, sug-
gesting that the modifying role for SMCHDI in determining FSHDI1 severity was at the 4q35
locus (124). This raises the question of whether a patient carrying an SMCHD1 mutation and 9
D474 RUs should be classified as an FSHD1 patient with a modifying mutation or an FSHD?2 pa-
tient. Studies such as these make it increasingly clear that the original definitions of the two disease
forms are imprecise at best. However, for the purposes of eventual therapy, a patient’s classification
as FSHD1 or FSHD2 will be less important than the etiology of their disease. For example, with
patients harboring SMCHD1 mutations, the nature of the mutation and its effect on SMCHD1
function will determine the usefulness of treatments enhancing either the expression or activity
of SMCHD1.

Although Smchdl is not a global regulator, it is required for maintenance of DNA methyla-
tion on the inactive X chromosome and regulates autosomal genes with monoallelic expression
(12,48, 105). In addition to its repressive role at D4Z4 arrays, SMCHD1 has enhanced binding to
long telomeres, where it likely plays a role in establishing silent chromatin (58), and it regulates a
limited set of autosomal gene clusters, including the clustered protocadherins, the tRNNA and 5S
rRNA clusters, and the HOXB and HOXD clusters (101). A reduction in SMCHD1 may contribute
to an extreme FSHD1 phenotype by affecting the expression of genes not typically misexpressed
in FSHD (e.g., imprinted genes), in addition to DUX4. Thus, severe forms of FSHD may actu-
ally represent a complex disorder with multiple etiologies. The striking number of asymptomatic
FSHDI1 individuals in the general population suggests that genetic modifiers play a large role in
determining disease presentation. For severe cases of FSHDI, the presence of modifying muta-
tions that affect other genetic loci may be somewhat common.

DNMT3B was identified as a modifier of FSHD1 by whole-exome sequencing of eight FSHD
families with severe hypomethylation and no mutations in SMCHDI1. Two families carried novel
and potentially deleterious mutations in DNMT3B (138). When fibroblasts from one of these
patients were transdifferentiated to skeletal myotubes, DUX4 and its target genes were expressed,
suggesting that DNMT3B mutations can lead to D4Z4 hypomethylation and DUX4 expression.

Homozygous DNMT3B mutations have been reported in autosomal recessive immunodefi-
ciency, centromeric instability, and facial anomalies syndrome type 1 ICF1; OMIM 242860) (61,
155). Examination of six ICF1 individuals indicated that all had severe D4Z4 hypomethylation,
and when fibroblasts from two of these patients (both carrying permissive arrays) were trans-
differentiated to myotubes, DUX4 and its target genes were expressed (138). Myotubes from an
unrelated ICF1 patient (carrying an 11-RU permissive array) also expressed detectable levels of
DUX4 protein (138). Interestingly, heterozygous carriers showed an intermediate level of D4Z4
methylation, although only half of them carried an FSHD-permissive allele, and of these, all had
D474 repeat sizes well within the typically healthy range (138). Thus, ICF1 patients carrying
shorter permissive arrays may be at risk for developing FSHD, although the short life expectancy
of these patients renders such a possibility unlikely. Overall, this study indicates that, as with
SMCHDI, mutations in DNMT3B alone are not enough to confer clinical symptoms in FSHD;
they must be present in conjunction with a relatively short array on a permissive allele.

An elegant forward genetic screen for dominant modifiers of murine metastable epial-
leles (MommeD) identified both Swmchdl and Dnmt3b (13). Metastable epialleles are genomic
regions that show high variability of gene expression both across different cells and among
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individuals under normal circumstances (116). Many of the modifiers identified occur in genes
with known functions in DNA methylation and chromatin modification (5, 12, 13, 34, 35).
Both enhancers and suppressors of epigenetic variegation were uncovered, including DNA
methyltransferases (Dnmtl and Dnmt3b), histone methyltransferases (Setdbl and Suv39hl), a
histone deacetylase (Hdacl), components of chromatin-remodeling machines (Smarca4/BRGI,
Smarca5, Smarccl/BAF155, Pbrm1/BAF180, and Hdacl), epigenetic regulators (Smchdl, Uhrfl,
and Trim28/KAP1/TIF13/WIZ), telomeric proteins (Rifl, Smchdl), chromatin-dependent
transcriptional regulators (Brd1, Rlf, and Baz1b), and the translation initiation factor eIF3h.

Interestingly, many of these factors either function in the same complexes or work together in
linked pathways to establish active or repressive chromatin. For example, Trim28/KAP1 is an E3
SUMO protein ligase (71). The mouse homologs of several proteins that mediate D474 repres-
sion in human cells are known targets of SUMOylation, including Smchdl and HP1« (99, 134).
SUMOylation promotes targeting of HP1« and recruitment of the NuRD chromatin remodel-
ing complex, which recruits the SETDB1 histone methyltransferase (71). This, in turn, enhances
the repressive H3K9me3 mark, leading to increased HP1 deposition and enhanced heterochro-
matinization. Similarly, UHRF1 is an E3 ubiquitin ligase that interacts with multiple chromatin
modifiers and facilitates recruitment of DNMTT to regions of H3K9me2/3 enrichment, main-
taining DNA methylation patterns through mitosis (6, 123). Interestingly, loss of Uhrfl in either
mouse embryonic stem cells or neural stem cells leads to activation of repetitive elements (117,
128). In addition to its repressive roles, Uhrfl also helps to maintain pluripotency in mouse em-
bryonic stem cells by facilitating H3K4me3 deposition in bivalent chromatin via its interaction
with the Setd1a/COMPASS complex (78).

It is evident from the Whitelaw modifier screen that disruption of these processes tips the bal-
ance in determining epigenetic states at metastable epialleles, toward being either more euchro-
matic (mutations in suppressors) or more heterochromatic (mutations in enhancers) (13). These
epigenetic modifiers provide insight into the types of proteins involved in both repression and ac-
tivation at vertebrate metastable epialleles such as the FSHD locus, and they have already yielded
two key D4Z4 regulators. Although less is known about the factors facilitating aberrant DUX4
expression in FSHD, it is reasonable to suspect that further modifiers can be found among both
enhancers and suppressors of metastable epialleles.

Of particular interest in this regard are FSHD asymptomatics, who lie at the other end of the
disease spectrum. These individuals, who meet all of the genetic requirements for FSHD yet show
no clinical symptoms, make up a significant proportion of individuals in FSHD families and in the
healthy population worldwide (73, 126, 135, 160). It is estimated that a striking 1-3% of the Eu-
ropean population carry an FSHD1-sized array on a permissive allele (126). Compared with their
clinically affected relatives, asymptomatic subjects display increased epigenetic repression at the
FSHD locus (Figure 1) and increased resistance to DUX4 activation following treatment with
epigenetic drugs (75, 87), confirming that epigenetic status dictates disease in genetically permis-
sive subjects. Nonetheless, as mentioned above, some asymptomatic subjects express DUX4-f1 at
levels similar to those of affected patients (73, 75), but whether the former would go on to de-
velop disease at a later time is unknown. A comprehensive analysis of these individuals will likely
uncover additional important modifiers of FSHD, as well as novel targets for therapy.

EPIGENETIC TARGETS FOR THERAPY

The DUX4 model of FSHD pathogenesis has achieved widespread consensus in the field, stim-
ulating the search for therapeutic targets that affect DUX4 expression, activity, or downstream
pathways. While the latter may present viable therapeutic targets, many of these are part of
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ubiquitous and robust cellular pathways, which are difficult to target selectively and may be prone
to compensatory effects. Also, it is unclear which of these downstream pathways are responsible
for pathology, or whether manipulating any of these pathways would provide therapeutic benefit.
By contrast, myogenic DUX4 expression is causal for pathology, and certain regulators of the
FSHD locus are not global modifiers of the genome; thus, targeting pathways upstream of DUX4
expression may yield more effective and specific FSHD therapies.

To that end, several groups have conducted screens for small molecules affecting DUX4 ex-
pression (26, 29, 33). While such candidates—which were independently identified from highly
similar indirect expression screens—are promising, their discovery is limited by the chemical li-
braries screened, dosing, and modes of action. Despite the clear overlap in libraries, two published
screens with similar approaches identified different molecules, targets, and pathways for DUX4
inhibition, even to the exclusion of other targets (26, 33), which is cause for concern regarding
this approach. In addition, while inhibitors affecting major cellular pathways may be beneficial for
acute indications such as cancer, pan-inhibition of key cellular effectors or an entire protein fam-
ily may well have significant undesired effects, particularly during the long-term dosing (30 years
or more) likely required for FSHD. Repurposing US Food and Drug Administration-approved
drugs may provide a relatively quick and economical path to the clinic, but it is unlikely to yield
the best drugs for therapy. And while unbiased screens can be very profitable, more specific targets
might be revealed through a better understanding of the factors controlling DUX4 expression in
both health and disease.

Asymptomatic patients have an intermediate level of chromatin repression and DNA methy-
lation at the FSHD locus, more closely resembling clinically affected subjects than healthy con-
trols (75), indicating that small changes in the epigenetic state could be beneficial. Thus, specific
targeting of the epigenetic dysregulation in FSHD is a viable potential avenue for therapy (66)
(Figure 4). The genetic screen that identified Swichdl and Dnmt3b as repressors of metastable
epialleles demonstrated that gene expression in the repeat genome can be altered by specific tar-
geting of many other epigenetic regulators (5, 13, 34). Importantly, mice carrying mutations in
genes encoding enhancers of gene expression from large repeat arrays were otherwise healthy,
suggesting that the levels of certain factors regulating macrosatellite arrays such as D4Z4 can be
decreased without global epigenetic dysregulation.

Epigenetic factors mediating normal repression at D4Z4 have been well characterized. In
healthy individuals, these arrays are repressed by a host of silencing factors, including SMCHD1,
the PRC2 complex, SUV39H1, the NuRD and CAF-1 complexes, BET bromodomain proteins,
HP1vy, cohesin, and DNA and histone methyltransferases (25, 26, 62, 66) (Figure 4). Thus, strate-
gies to enhance the expression or function of these factors are viable therapeutic avenues for
FSHD. SMCHDI1 and DNMT3B, in particular, are key mediators of D4Z4 repression with a
restricted genomic distribution, making them relatively specific therapeutic targets. For more
ubiquitous repressors, strategies for locus-specific targeting (e.g., by CRISPR effector platforms)
might ameliorate the unwanted effects of overexpressing a global regulator.

In contrast to mechanisms of D4Z4/DUX4 repression, very little is known about mechanisms
of aberrant activation in FSHD (Figure 4). One of the few factors known to derepress the FSHD
locus is ASH1L. A histone methyltransferase that deposits H3K4me3 and H3K36me2/3 at its
gene targets, ASHI1L is the mammalian homolog of the Drosophila Trithorax group protein that
counteracts Polycomb-mediated gene silencing (2, 56, 104). It is thought to be recruited proxi-
mal to the D4Z4 array by the DBE-T long noncoding RNA, resulting in methylation at H3K36,
derepression of the disease locus, and aberrant DUX#4 expression in FSHD myocytes (23).

A small-scale, candidate-based screen for epigenetic factors that facilitate DUX4-fl ex-
pression verified ASHIL as an activator of DUX4-f], as well as uncovering other potential
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therapeutic targets, including the chromatin remodeler SMARCAS (69). SMARCAS is a known
catalytic component of numerous chromatin-remodeling complexes in the ISWI family (CHRAC,
RSE, ACF/WCRE, B-WICH, and NoRC) that play both divergent and overlapping roles in
chromatin regulation (10). Smarca5 was identified as an activator of metastable epialleles (34),
providing independent support for the idea that SMARCAS activates expression from human
macrosatellites, such as the hypomethylated D4Z4 in FSHD. Ideally from a therapeutic stand-
point, SMARCAS is not a global regulator of the genome, and even small decreases in its levels
lead to strong repression of DUX4-fl (69). Potendially, a slight reduction in SMARCAS activ-
ity mediated by small molecules would result in therapeutic repression of DUX4-fl, while still
allowing this chromatin factor to function at its normal genomic targets. SMARCAS has also
been implicated in certain cases of autism spectrum disorders (52); thus, further investigation
into this factor should provide useful information and tools for research and therapies beyond
FSHD.

As an alternative to small molecules, CRISPR/Cas9-based gene editing provides an avenue for
effectively targeting and manipulating specific regions of the human genome and the potential
to permanently cure the root cause of a disease. There are essentially two approaches for silenc-
ing DUX4-f] using CRISPR technology: editing (CRISPRe), which utilizes the Cas9 nuclease,
and inhibition (CRISPRi), which uses an enzymatically inactive, or dead, Cas9 (dCas9) fused to
a transcriptional or chromatin repressor (68) (Figure 5). Any CRISPR approach targeting the
DUX4 coding sequence necessarily involves targeting not only the pathogenic D4Z4 repeat but
also hundreds of identical or similar nonpathogenic repeats. While CRISPRe would introduce
numerous cuts in the genome, irreparably damaging it and initiating cell death, CRISPRi would
merely allow D4Z4 repeats, which are normally silent, to remain repressed. Thus, the potentially
harmful effects of CRISPRe, which are a uniquely serious concern for FSHD, can be completely
circumvented with CRISPRIi. In addition, since no genetic mutation is introduced, CRISPRi can
be removed if it becomes detrimental to the patient. Himeda et al. (67) demonstrated that DUX4-f
expression in FSHD myocytes can be repressed using CRISPRi (Figure 2), providing proof of
principle that the pathogenic repeat can be effectively targeted. Along with other laboratories,
we are continuing to develop CRISPR-based approaches for FSHD, utilizing smaller dCas9 or-
thologs that can be packaged into adeno-associated virus vectors for in vivo delivery, as well as
other epigenetic regulators to effect stable silencing.

A complementary approach is the use of exogenous small interfering RNAs targeting the
DUX4 promoter and coding sequence to enhance silencing by the Dicer/Argonaute system (95)
(Figure 2). Alternative splicing of DUX4 provides another, largely unexplored target for ther-
apy. While the roles of epigenetic mechanisms in DUX# alternative splicing have not been tested,
the marks of such pathways (e.g., DNA methylation, histone posttranslational modifications, and
small interfering RNAs) are differentially represented in FSHD versus healthy myocytes at the
disease locus (66). Thus, epigenetic mechanisms may be involved in regulating both the expres-
sion levels of DUX4 and the pathogenic switch from DUX4-s to DUX4-fl mRNA isoforms in
FSHD.

While these upstream approaches take time to develop, they are more likely to result in
long-term correction of FSHD pathology than efforts aimed at ameliorating the downstream
effects of DUX4-FL misexpression. Although it is unclear how much of a reduction in DUX4-f
expression is required for functional benefit, the fact that some asymptomatic individuals still
express detectable levels of DUX4-fl (73, 75) suggests that it does not need to be completely
silenced, merely reduced, to see a therapeutic effect. The catastrophic effects of small increases in
DUX4-fl levels in mouse models (16, 74) also suggest that even small decreases in expression will
be beneficial to patients. For therapeutic strategies targeting DUX4-f] regulators, it is particularly
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CRISPR gene modulation approaches to facioscapulohumeral muscular dystrophy (FSHD). () Wild-type
Cas9 is a nuclease that cuts DNA at sites targeted by single guide RINAs (sgRINAs). DNA repair by
nonhomologous end joining (NHE]) mediates the disruption of genomic sequences by insertions/deletions
(indels), whereas homology-directed repair (HDR) mediates precise editing in the presence of a donor
template. Although targeting of the D4Z4 repeat is conceptually possible, it necessitates cutting the genome
in hundreds of unintended places, as these repeats are present in many copies on the noncontracted 4q
chromosome and both 10q chromosomes, in addition to polymorphic D4Z4s at other loci. Sequences in
exon 3, such as the polyadenylation signal (PAS), provide a more realistic target for CRISPR editing. (b,) As
an alternative strategy, dead Cas9 (dCas9) lacks enzymatic activity and is fused to the KRAB domain for
transcription inhibition (panel ) or to chromatin-modifying proteins, which can act in a broader fashion
across the locus (panel ¢). Fusing these regulators to dCas9 from Staphylococcus aureus allows packaging into
adeno-associated virus vectors to silence pathogenic DUX4 expression in FSHD muscle. Additional
abbreviations: PAM, protospacer-adjacent motif; ssDNA, single-stranded DNA.
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encouraging that these regulators do not need to be completely silenced in order to repress
DUX4-fl. Since these epigenetic factors belong to large families and are part of complex inter-
action networks, efforts to target specific isoforms are also critical for achieving both therapeutic
safety and efficacy. Thus far, it appears that many DUX4-f] activators are not global regulators,
which should also aid the development of selective inhibitors. This is particularly important since
combination therapies may ultimately prove to be the most effective means of treating FSHD.

CONCLUSIONS

The past decade has seen tremendous breakthroughs in our understanding of FSHD that under-
score the contributions of both genetic and epigenetic factors to clinical presentation. Unraveling
this interplay has uncovered a wealth of therapeutic targets and avenues, which are actively being
developed. With recent advances in global methodologies, the impact of epigenetics is similarly
being revealed throughout the entire range of human disease. As in FSHD, mutations in epige-
netic regulators underlie monogenic diseases, modify the severity or disease penetrance of more
complex disorders, and represent viable targets for therapeutic development.

While mutations in different genes can give rise to the same disease, mutations within the
same gene can also lead to a range of diseases (e.g., mutations in SHANKS3 lead to a spectrum of
seemingly unrelated neurological disorders) (1). Perhaps the most striking example of the latter,
however, occurs with an epigenetic regulator: Similar or even identical variants of SMCHDI lead
to FSHD?2 and arhinia, two phenotypically distinct conditions. How this occurs bears on the var-
ious functions of this key regulatory protein at different times and places during development,
which are only partially understood. Understanding the different paths to these disorders also
requires a more complete knowledge of the interaction networks in which SMCHD1 functions
and the availability of compensatory factors. It seems likely that other instances where one gene is
associated with different diseases will be uncovered among multifunctional epigenetic regulators,
which play such diverse roles in different cell types.

Although much has been learned regarding the etiology of FSHD, many important mechanistic
questions remain. How an FSHD cell becomes poised for DUX4 expression—and how a poised
cell activates cytotoxic levels of DUX4—remains to be understood. What are the contributions
of environmental factors to these processes? Are there epigenetic signatures that are predictive
of disease severity? As the finer mechanisms of FSHD pathogenesis are elucidated, they should
continue to reveal better and more specific targets for therapy.

1. All forms of facioscapulohumeral muscular dystrophy (FSHD) are linked by epigenetic
dysregulation of the D4Z4 macrosatellite array at 4q35, which leads to aberrant expres-
sion of the DUX4 retrogene in skeletal muscle and consequent pathology.

2. Epigenetic dysregulation in FSHD is a prime therapeutic target, a model for global
mechanisms of epigenetic regulation, and a means for improved diagnostics.

3. DUX4 is a powerful example of the capacity for function and dysfunction within the re-
peat genome. Although critical for activating a cleavage-stage transcriptional program,
its expression must be subsequently silenced in most somatic tissues. Incomplete epige-
netic repression—in a genetically permissive context—results in FSHD. The discovery
that DUX4 is important for zygotic genome activation also illustrates how the study of
a clinical disorder can reveal fundamental aspects of developmental biology.
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. FSHD1 and FSHD?2 form a single disease continuum in which the severity is deter-
mined by the combination of genetic defects (e.g., D4Z4 contraction on a permissive
chromosome) and epigenetic defects (e.g., mutations in D4Z4 repressive factors such as

SMCHD1 and DNMT3B).

. FSHD asymptomatic subjects display increased epigenetic repression and resistance to
activation at the FSHD locus, confirming that epigenetic status dictates disease in ge-
netically permissive subjects.

. Disease modifiers can occur both in ¢is (as sequence variants within the FSHD locus)
and in #rans (as variants in factors regulating D4Z4 chromatin).

. FSHD?2 and arhinia—two strikingly different conditions—are caused by similar or even
identical variants of SMCHD1, emphasizing the diverse spatiotemporal roles an epige-
netic regulator can play during development.

. Epigenetic regulators of the FSHD locus represent particularly attractive therapeutic
targets (see Future Issues, below).

. DUX4 is poised for expression in most FSHD myocytes; do a majority of these cells—
and possibly satellite cells—need to be corrected for therapeutic benefit?

. The delivery of nucleic-acid-based therapeutic components to skeletal muscles will likely
be accomplished via adeno-associated virus vectors, which have a limited packaging
capacity.

. Factors that facilitate DUX4 expression are viable therapeutic targets, but small
molecules targeting specific isoforms of these factors have yet to be developed.

. As DUX# is a primate-specific gene and cytotoxic when overexpressed, useful animal
models of FSHD have been difficult to generate. Many DUX4 targets are not induced
in the mouse, rendering certain aspects of the disease—and potential measures of ther-
apeutic efficacy—difficult to study.

. Asymptomatic patients express detectable levels of DUX4; thus, any reduction in DUX4
expression is likely to provide therapeutic benefit.

. Several therapeutic strategies exist for correcting the underlying epigenetic defect in
FSHD (e.g., small-molecule inhibitors of D4Z4 activators, CRISPR/dCas9-based in-
hibition of the disease locus, and enhancement of the expression or activity of D4Z4
repressors), and these strategies should be further explored.

. D4Z4/DUX4 upstream regulators may offer relatively selective therapeutic targets, as
they are not global regulators, which reduces the likelihood of harmful off-target effects.

. Small changes in the levels of D4Z4/DUX#4 upstream regulators lead to striking de-
creases in DUX#4 expression, suggesting that even incomplete target inhibition may be
therapeutic.
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