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Facioscapulohumeral muscular dystrophy (FSHD) is one 
of the most prevalent myopathies, affecting males and 
females of all ages. Both forms of the disease are linked 
by epigenetic derepression of the D4Z4 macrosatellite 
repeat array at chromosome 4q35, leading to aberrant 
expression of D4Z4-encoded RNAs in skeletal muscle. 
Production of full-length DUX4 (DUX4-fl) mRNA from 
the derepressed D4Z4 array results in misexpression 
of DUX4-FL protein and its transcriptional targets, and 
apoptosis, ultimately leading to accumulated muscle 
pathology. Returning the chromatin at the FSHD locus 
to its nonpathogenic, epigenetically repressed state 
would simultaneously affect all D4Z4 RNAs, inhibit-
ing downstream pathogenic pathways, and is thus an 
attractive therapeutic strategy. Advances in CRISPR/
Cas9-based genome editing make it possible to target 
epigenetic modifiers to an endogenous disease locus, 
although reports to date have focused on more typical 
genomic regions. Here, we demonstrate that a CRISPR/
dCas9 transcriptional inhibitor can be specifically tar-
geted to the highly repetitive FSHD macrosatellite array 
and alter the chromatin to repress expression of DUX4-fl 
in primary FSHD myocytes. These results implicate the 
promoter and exon 1 of DUX4 as potential therapeutic 
targets and demonstrate the utility of CRISPR technology 
for correction of the epigenetic dysregulation in FSHD.

Received 30 July 2015; accepted 21 October 2015; advance online  
publication 1 December 2015. doi:10.1038/mt.2015.200

INTRODUCTION
Facioscapulohumeral muscular dystrophy (FSHD) is the most 
prevalent myopathy affecting males and females of all ages.1–4 
Originally characterized as an autosomal dominant genetic myop-
athy,3,5 FSHD also displays striking features of an epigenetic dis-
order.6,7 Encompassing >95% of reported cases, FSHD1 (OMIM 
158900) is linked to contractions of the D4Z4 macrosatellite 
repeat array at 4q35 (refs. 8–10). In healthy individuals, this array 
ranges from 11–100 D4Z4 repeats on both 4q chromosomes, 
whereas in FSHD1 patients, the array is contracted to 1–10 repeats 

on one 4q chromosome.10,11 In order to develop FSHD, this con-
traction must be in cis with a distal disease-permissive haplotype 
of 4q35 (refs. 12–15). While chromosome 10q26 contains a D4Z4 
array that is highly homologous to the array at 4q35, and other 
polymorphic D4Z4 repeats are present throughout the genome, 
only D4Z4 contractions at 4q35 are pathogenic.14,16–18 FSHD2 
patients, which represent <5% of reported cases, have no D4Z4 
contraction at 4q35, but still carry at least one permissive 4q35 
subtelomere.15,19–21

The extreme variability in FSHD onset, progression, and 
severity—ranging from asymptomatic to clinically severe3,22,23—
suggests that multiple mechanisms acting together lead to disease, 
including genetic, epigenetic, developmental, and environmen-
tal factors. Indeed, both forms of FSHD are linked by common 
epigenetic alterations indicative of chromatin relaxation at the 
pathogenic locus.20,21,24–31 One consequence of the epigenetic dis-
ruption at 4q35 is the aberrant expression of the DUX4 retrogene 
in skeletal muscle.15,32,33 Although a copy of DUX4 resides in every 
D4Z4 repeat unit, only the full-length DUX4 mRNA (DUX4-fl) 
produced from the distal-most repeat is stably expressed, due 
to the presence of a polyadenylation signal in FSHD-permissive 
alleles.15,32 Production of DUX4-fl results in aberrant expression of 
the DUX4-FL protein and its transcriptional targets, which include 
germline genes, immune mediators, and retroelements,34,35 altered 
RNA and protein metabolism,36,37 and apoptosis,38–42 leading to 
muscle atrophy and accumulated pathology.34,35,40,43

While DUX4-FL and its downstream targets represent valid 
candidates for therapy, levels of DUX4-fl expression are highly 
variable among patients and do not necessarily correlate with dis-
ease severity.33,44 The epigenetic dysregulation at the FSHD locus, 
however, is strongly correlated with disease manifestation.44–46 In 
addition, the D4Z4 repeats encode multiple noncoding RNAs, 
which have the potential to play downstream pathogenic roles in 
FSHD.28,47 Thus, targeting the FSHD locus to return the chromatin 
to its nonpathogenic, repressed state might be more therapeuti-
cally beneficial than simply targeting the rare DUX4-fl mRNA or 
its downstream genes.

The nuclease-deficient component of the CRISPR/Cas9 
genome engineering tool (dCas9) fused to transcriptional effec-
tors has been instrumental in the targeted manipulation of gene 
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expression.48 While previous studies have used CRISPR-based 
systems to modulate gene expression in more typical genomic 
regions, the pathogenic locus in FSHD is unusual in that only one 
of many D4Z4 repeat arrays in the human genome is pathogenic. 
Thus, it was unclear whether a CRISPR-based platform could 
effectively target the FSHD disease locus. Here, we demonstrate 
that CRISPR/dCas9 technology can successfully target transcrip-
tional effectors to the pathogenic locus in primary FSHD skeletal 
myocytes, resulting in increased chromatin repression accom-
panied by decreased expression of DUX4-fl and its downstream 
targets. These results demonstrate the utility of a CRISPR effec-
tor platform for therapeutic targeting of the D4Z4 macrosatellite 
and correcting the epigenetic dysregulation in FSHD, and pave 
the way for mechanistic studies of endogenous DUX4 regulation.

RESULTS
Recruitment of dCas9 and VP64 to the DUX4 
promoter or exon 1 activates DUX4-fl in FSHD 
myocytes
To search for potential FSHD therapeutic targets in vivo, we used 
the CRISPR/dCas9 system to test several candidate regions in or 
flanking the 4q35 D4Z4/DUX4 locus for the ability to modulate 
gene expression in the D4Z4 array. There are numerous D4Z4 
repeat arrays in the genome49; however, we are interested in affect-
ing expression from the array associated with FSHD. Therefore, 
we assayed polyadenylated DUX4-fl mRNA levels in FSHD1 myo-
cytes as our read-out for gene expression which is specifically 
derived from the contracted 4q35 D4Z4 array. When targeted 
by small guide RNAs (sgRNAs), dCas9 transcriptional effector 
platforms are effective in modulating endogenous gene expres-
sion levels in mammalian cells.50–61 For our initial experiments, we 
used the SunTag system,62 which involves the dual activity of two 
constructs: (i) dCas9 fused to 10 copies of the GCN4 peptide and 
(ii) GCN4 antibody fused to the VP64 activator. The dCas9 fused 
directly to VP64 generally requires multiple, nonoverlapping 
sgRNAs to achieve strong activation of gene expression.50,54,58–60 In 
contrast, the SunTag system allows recruitment of multiple VP64 
domains to a single dCas9, resulting in robust gene activation with 
only a single sgRNA.53,62 For these and the following experiments, 
we used myogenic cells from an FSHD1 patient (17Abic), which 
express consistent and relatively high levels of DUX4-fl when ter-
minally differentiated.33,44,63

Sequence preferences for sgRNAs (e.g., requirement for 
 protospacer adjacent motif (PAM), preference for purines, limited 
CpGs, no multiple Us in seed sequence, low secondary structure 
in spacer)64,65 preclude a comprehensive analysis of regions such 
as the DUX4 promoter, which contains long stretches of low-com-
plexity sequence. Therefore, taking into account these constraints, 
we designed sgRNAs targeting two candidate regions upstream 
of the D4Z4 repeat (Figure 1a): the NDE (non-deleted element 
retained in FSHD patients) sequence28,66 and p13-E11, a region 
distinct in the genome that is used to identify D4Z4 arrays specific 
to chromosomes 4q35 and 10q26 (refs. 67,68). Within D4Z4, we 
designed sgRNAs targeting the promoter, exon 1, and exon 3 of 
DUX4. In addition to forming a macrosatellite repeat, each D4Z4 
repeat unit also contains repetitive sequences, and part of the 
DUX4 exon 1 is duplicated in the NDE, which lies proximal to the 

array. Thus, three sgRNAs (#3–5) target both the NDE and DUX4 
exon 1. In addition, sgRNA #6 targets DUX4 intron 2 as well as the 
DUX4 promoter. The rules governing sgRNA targeting are not yet 
fully understood, and poor targeting has been attributed to low 
stability, inefficient loading into dCas9, or low-affinity binding 

Figure 1  Recruitment of dCas9 and VP64 to the DUX4 promoter or 
exon 1 activates DUX4-fl in facioscapulohumeral muscular dystrophy 
(FSHD) myocytes. (a) Schematic diagram of the FSHD locus at chromo-
some 4q35, with distances shown relative to the DUX4 MAL start codon 
(*). For simplicity, only the distal D4Z4 repeat unit of the macrosatellite 
array is depicted below. DUX4 exons 1 and 2 are located within the 
D4Z4 repeat, and exon 3 lies in the distal subtelomeric sequence. In 
FSHD skeletal myocytes, DUX4-fl mRNA from the distal repeat is stabi-
lized by a polyadenylation signal in exon 3 that is present in disease-
permissive haplotypes of 4qA. The p13-E11 diagnostic probe region67,68 
and the NDE (non-deleted element)28,66 lie proximal to the D4Z4 array. 
The locations of sgRNA target sequences used in this study (#1–11) are 
indicated. Positions of chromatin immunoprecipitation amplicons are 
shown as unlabeled black bars (in order from 5’ to 3’: p13-E11, DUX4 
exon 1, intron 1, and exon 3). Refer to text for more details. (b) Effects 
of targeting dCas9 and VP64 to the FSHD locus on DUX4-fl expression. 
FSHD myogenic cultures were subjected to four serial coinfections with 
lentiviral supernatants expressing either components of the SunTag 
system encoding dCas9 and VP64 (ST), a SunTag variant lacking VP64 
(ST[CTL]) or individual sgRNAs (#1–9). After the final round of infec-
tion, cells were induced to differentiate and harvested ~48 hours later 
for analysis of DUX4-fl expression by quantitative reverse transcriptase 
polymerase chain reaction. Data are plotted as the mean + standard 
deviation (SD) value of three to five independent experiments, with rela-
tive mRNA expression for the mock-infected cells set to 1.
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to DNA.52,64 Thus, for each target region, we tested four to five 
sgRNAs for the ability to recruit dCas9-VP64-HA, as assessed by 
chromatin immunoprecipitation (ChIP) using HA antibodies. We 
identified at least two sgRNAs for each region (p13-E11, DUX4 
promoter, DUX4 exon 1/NDE, and DUX4 exon 3) that demon-
strated correct targeting of dCas9-VP64-HA (Supplementary 
Table S1).

Primary myoblasts are notoriously difficult to transfect or 
infect; thus, we used the high-efficiency method of Springer and 
Blau69 in which ~100% infection efficiency is achieved by four 
serial rounds of viral exposure with centrifugation. After the 
final round of infection, the cells were induced to differentiate 
and harvested 48 hours later for analysis of DUX4-fl expression 
by quantitative reverse transcriptase polymerase chain reaction 
(qRT-PCR). Expression of the SunTag system alone had no effect 
on DUX4-fl mRNA levels in FSHD myocytes (Figure 1b, lane 2). 
Likewise, recruitment of VP64 to the p13-E11 region or to exon 3 
of DUX4 had little effect on DUX4-fl expression (Figure 1b, lanes 
3, 4, and 11). In contrast to this, VP64 recruitment to the DUX4 
promoter or exon 1/NDE yielded robust activation of DUX4-fl 
in FSHD myocytes (Figure 1b, lanes 5–10). Although we cannot 
rule out that VP64 recruited to the NDE has a positive effect on 
DUX4-fl, recruitment to p13-E11 (500 bp upstream) had no effect, 
whereas recruitment to the DUX4 promoter, directly upstream of 
exon 1, strongly activated DUX4-fl. Therefore, when guided by 
sgRNAs #3–5, the transcriptional effector is likely mediating its 
effects from DUX4 exon 1, and for simplicity, we will refer to these 
sgRNAs as targeting DUX4 exon 1. Although targeting by single 
sgRNAs proved sufficient for transcriptional activation, the func-
tional capacity of sgRNAs targeting the same region was variable 
(e.g., ~120-fold activation with sgRNA #4 versus ~13-fold activa-
tion with sgRNA #5) (Figure 1b). This is consistent with the pre-
vious reports comparing sgRNA targeting and stability.51,52,64 As 
expected, when dCas9 lacking a transcriptional effector domain 
was recruited to DUX4 exon 1, it did not activate DUX4-fl expres-
sion (Figure 1b, lanes 12–13).

Recruitment of dCas9-KRAB to the DUX4 promoter or 
exon 1 represses DUX4-fl in FSHD myocytes
Reducing the aberrant expression of DUX4-fl in FSHD by returning 
the chromatin at the disease locus to a nonpathogenic, repressed 
state is a viable avenue of therapy. We first tested whether DUX4-fl 
expression could be reduced in FSHD myocytes using a dCas9-
KRAB repressor. When guided by multiple sgRNAs, dCas9-KRAB 
has proven effective in reducing target gene expression in mam-
malian cells.51–53,55,56 Since dCas9-mediated recruitment of VP64 to 
the DUX4 promoter or exon 1 strongly activated DUX4-fl expres-
sion, we expected that these regions might be good candidates for 
therapeutic targeting. For these and the following experiments, we 
performed four serial coinfections of FSHD myogenic cultures. 
Cells were infected with various combinations of lentiviral super-
natants expressing either dCas9-KRAB or individual sgRNAs tar-
geting the candidate regions. After the final round of infection, the 
cells were induced to differentiate and harvested ~40 hours later 
for analysis of DUX4-fl expression by qRT-PCR.

Expression of the dCas9-KRAB repressor alone had little 
effect on DUX4-fl levels (Fig. 2a, lane 2). Consistent with our 

results using the SunTag activator system, targeting dCas9-KRAB 
to either the p13-E11 region or DUX4 exon 3 had no effect on 
DUX4-fl expression (Figure 2a, lanes 3, 8). In contrast to this, 
targeting dCas9-KRAB to the DUX4 promoter or exon 1 reduced 
expression of DUX4-fl to ~45% of endogenous levels in FSHD 
myocytes (Figure 2a, lanes 4, 6–7). Although dCas9 effectors 
often require targeting by multiple, nonoverlapping sgRNAs 
to achieve significant transcriptional modulation,50,52,55,59,60 we 
found that in one case, a single sgRNA was effective in reducing 
DUX4-fl expression (Figure 2a, lane 4), and the combination of 
all six sgRNAs targeting these regions showed no enhanced effect 
(Figure 2a, lane 7).

Previous studies have demonstrated that in some contexts, 
dCas9 can inhibit transcription through steric hindrance of tar-
get regions.52,70,71 To determine whether the repressive effects we 
observed were due to an obstruction mechanism rather than 
KRAB-mediated repression, we tested the effect of a dCas9 vari-
ant lacking an effector domain. Recruitment of this protein to any 
of the target regions did not reduce levels of DUX4-fl (Figure 2a, 
lanes 9–13), demonstrating the importance of the KRAB domain 
for mediating DUX4-fl repression at the target regions.

In FSHD myogenic cultures, DUX4-FL expression is restricted 
to terminally differentiated myocytes. To rule out a nonspecific 
effect of dCas9-KRAB on muscle differentiation, we assessed 
levels of Myosin heavy chain (MyHC), a marker of terminal 
muscle differentiation, by qRT-PCR in the cells described above. 
Importantly, MyHC levels were equivalent in all cultures express-
ing dCas9-KRAB and sgRNAs (Figure 2b), indicating that lower 
levels of DUX4-fl are not due to impairment of muscle differen-
tiation. We also measured expression of FRG1 and FRG2, two 
other FSHD candidate genes that lie proximal to the D4Z4 repeat. 
Although levels of FRG2 were variable, recruitment of the dCas9 
repressor to any of the target regions did not reduce expression of 
either FRG1 or FRG2 mRNA (Figure 2c).

Recruitment of dCas9-KRAB to the DUX4 promoter or 
exon 1 represses DUX4-FL targets in FSHD myocytes
Expression of DUX4-FL in FSHD myocytes causes the aber-
rant upregulation of many downstream targets, including genes 
expressed in the germline and in early development.35 TRIM43, 
ZSCAN4, and MBD3L2 are downstream targets of DUX4-FL35 that 
were also found to be upregulated in the myogenic cultures used in 
this study (unpublished data). To determine whether dCas9-KRAB-
mediated repression of DUX4-fl also results in repression of these 
DUX4-FL target genes, we measured levels of TRIM43, ZSCAN4, 
and MBD3L2 by qRT-PCR in the cells described above. As 
expected, expression of these genes was not significantly altered 
by expressing the dCas9-KRAB repressor alone or by targeting the 
repressor to p13-E11 or to DUX4 exon 3 (Figure 3, lanes 2, 3, and 
8). However, as with DUX4-fl, targeting the KRAB repressor to the 
DUX4 promoter or exon 1 significantly reduced expression of all 
three DUX4-FL targets to ~35–60% of endogenous levels (Figure 
3, lanes 4, 6–7). Thus, targeting dCas9-KRAB to the promoter or 
exon 1 of DUX4 results in efficient repression of both DUX4-fl and 
its target genes in FSHD myocytes.

Next, we determined whether targeting a transcriptional 
effector to the DUX4 promoter or exon 1 has any effect on the 
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expression of several predicted off-target genes. Of the sgRNAs 
used in this study to decrease expression of DUX4-fl and its down-
stream targets, #3 and #6 have the fewest off-target matches in the 
human genome (Supplementary Table S1). While an analysis of 
global effects on gene expression is beyond the scope of this study, 
we wanted to gain a preliminary assessment of the specificity of 
these sgRNAs. Therefore, we examined the expression of several 
genes at a range of distances from off-target matches to sgRNAs #3 
and #6 in cells expressing the SunTag activator and either sgRNA. 
Since the binding specificity of an sgRNA is largely determined by 
the PAM-proximal sequence,72 we looked for genes in the vicin-
ity of off-target matches to 9- or 12-bp seed sequences + NGG 
(PAM). For sgRNA #3, we assessed levels of the histone demeth-
ylase Jumonji, which contains an off-target match (12-bp seed + 
PAM) in intron 7. Importantly, while expression of the untar-
geted SunTag system alone had a slight repressive effect on levels 

of Jumonji (Figure 4, lane 2), targeting the activator with sgRNA 
#3 did not alter these levels (Figure 4, lane 3). For sgRNA #6, we 
assessed levels of the transcription factor KLF14 and the E3 ubiq-
uitin ligase UBR4, which lie 28 and 76 kb downstream of off-target 
matches (9 bp seed + PAM). Similarly, neither gene showed altered 
expression in response to targeting the SunTag activator with this 
sgRNA (Figure 4, lane 4). These results are in stark contrast to 
the robust targeted activation of DUX4-fl (~30-fold and ~130-fold 
activation using sgRNAs #3 and #6, respectively; Figure 1b), and 
are consistent with the reports demonstrating limited off-target 
effects using dCas9 transcriptional effectors.52,53,56,57

Recruitment of dCas9-KRAB to the DUX4 promoter or 
exon 1 represses the D4Z4 locus in FSHD myocytes
We performed the current study in FSHD1 muscle cells that 
display relatively high levels of DUX4-fl, which serves both as a 

Figure 2 Recruitment of dCas9-KRAB to the DUX4 promoter or exon 1 represses DUX4-fl in facioscapulohumeral muscular dystrophy 
(FSHD) myocytes. (a) Effects of targeting dCas9-KRAB to the FSHD locus on DUX4-fl expression. FSHD myogenic cultures were subjected to 
four serial co-infections with lentiviral supernatants expressing either dCas9-KRAB, a dCas9 variant lacking an effector domain (dCas9[CTL]), 
or individual sgRNAs (#1–11). After the final round of infection, cells were induced to differentiate and harvested ~40 hours later for analysis 
of DUX4-fl expression by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). (b) Recruitment of dCas9-KRAB to the FSHD 
locus does not impair skeletal myocyte differentiation. Expression of the terminal muscle differentiation marker Myosin heavy chain (MyHC) was 
assessed by qRT-PCR in the cultures described in Figure 2a. (c) Recruitment of dCas9-KRAB to the FSHD locus does not repress expression of 
FRG1 and FRG2. Levels of FSHD candidate genes FRG1 and FRG2 were measured by qRT-PCR in the cultures described in Figure 2a. For a–c, data 
are plotted as the mean + SD value of at least three independent experiments, with relative mRNA expression for the mock-infected cells set to 
1. *P < 0.05 (Student’s t-test).
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measure of pathogenic gene expression and as a read-out of chro-
matin relaxation at the contracted allele. Since targeting a dCas9 
repressor to the DUX4 promoter or exon 1 reduced DUX4-fl, we 
wanted to assess changes in the chromatin at the pathogenic locus. 
However, although DUX4 is present in every D4Z4 repeat unit at 
both 4q and 10q alleles, the chromatin at three of these alleles is 
already in a compacted, heterochromatic state. Thus, any attempt 
to assess repression at the contracted allele will be dampened by 
the presence of the other three alleles, and we expected that any 
observable changes in chromatin proteins or histone modifica-
tions would be small.

To determine whether changes in the D4Z4 chromatin struc-
ture could be detected, we infected FSHD myogenic cultures 
with combinations of lentiviral supernatants expressing dCas9-
KRAB and sgRNAs targeting the DUX4 promoter or exon 1, 
induced the cells to differentiate, then fixed and harvested ~40 
hours later for analysis by ChIP. Recruitment of the dCas9 
repressor to the DUX4 promoter resulted in a trend toward 
increased levels of the KAP1/TRIM28 corepressor, which is 
recruited by the KRAB domain, as well as HP1α and HP1β, 
which are recruited by KAP1 to heterochromatin (Figure 5a–c, 
sgRNAs #6–8). These repressive changes were detectable across 
DUX4 as well as in the proximal p13-E11 region. Although 
levels of enrichment were slight (~2–3-fold), this was not sur-
prising considering that the heterochromatic D4Z4 repeats at 
the uncontracted 4q allele and both 10q alleles were included 
in the assay. Changes in overall levels of the repressive histone 
marks H3K9me3 and H3K27me3 were undetectable across the 
D4Z4 repeats (data not shown), and targeting dCas9-KRAB to 
the DUX4 promoter resulted in only a slight decrease in the 

activating H3K27ac mark across DUX4 exon 1, intron 1, and 
p13-E11 (Figure 5d, sgRNAs #6–8).

Recruitment of the dCas9 repressor to DUX4 exon 1 increased 
levels of KAP1 at DUX4 intron 1, but had little observable effect 
on levels of HP1 or H3K27 acetylation across the gene (Figure 
5a–d sgRNAs #3–5). By contrast, repressive changes (enrichment 
of KAP1 and HP1α, and slightly reduced levels of H3K27 acetyla-
tion) were more readily detected at p13-E11, likely as a result of 
recruitment to the NDE (Figure 5a–d, sgRNAs #3–5). There was 
also a trend toward slightly lower levels of elongating RNA Pol II 
at both exon 1 of DUX4 and p13-E11 (Figure 5e, sgRNAs #3–5). 
Considering that repressive effects are only expected at the 5 D4Z4 
repeat units on the contracted 4qA allele, and these effects must 
be assessed amongst a background of >100 other heterochromatic 
D4Z4 repeats, these results are consistent with a model in which 
recruitment of dCas9-KRAB to the DUX4 promoter and exon 1 
increases chromatin repression at the contracted 4q locus, result-
ing in decreased expression of the pathogenic DUX4-fl transcript.

DISCUSSION
While CRISPR technology has been used successfully in early 
studies of genome editing, this is the first report in which a 
CRISPR/dCas9 system has been used to ameliorate pathogenic 
gene expression in FSHD. This is also, to our knowledge, the first 
time the technique has been used successfully in primary mus-
cle cells. We overcame the technical hurdle of infecting primary 
myoblasts using serial infections with centrifugation,69 critical 
for achieving the high infection efficiency required to decrease 
DUX4-fl mRNA, which is only expressed in rare FSHD myocytes 
at any given time.32,33,44 Recently, exogenous siRNAs targeting the 
DUX4 promoter and coding sequence were successfully used to 

Figure 3 Recruitment of dCas9-KRAB to the DUX4 promoter or exon 
1 represses DUX4-FL target genes in facioscapulohumeral muscu-
lar dystrophy myocytes. Levels of the DUX4-FL target genes TRIM43, 
ZSCAN4, and MBD3L2 were assessed by quantitative reverse transcrip-
tase polymerase chain reaction in the cultures described in Figure 2a. 
Data are plotted as the mean + SD value of at least three independent 
experiments, with relative mRNA expression for the mock-infected cells 
set to 1. *P < 0.05; **P < 0.01 (Student’s t-test).
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enhance silencing of D4Z4 by the DICER/Argonaute system in 
FSHD myocytes.73 Our study demonstrates a complementary 
approach, using a CRISPR/dCas9 effector to repress DUX4-fl and 
its misexpressed target genes, and supporting the usefulness of the 
DUX4 promoter and exon 1 as potential therapeutic targets.

One of the difficulties inherent in studying FSHD is the pres-
ence of large genomic duplications and chromosomal rearrange-
ments in the 4q35 region. Assessing increased repression at the 
FSHD locus (the contracted, permissive 4qA allele in an FSHD1 
patient) is complicated by: (i) the presence of the noncontracted, 
heterochromatic 4q allele and both heterochromatic 10q alleles, 
and (ii) the inability of primers to distinguish between these and 
other homologous, repetitive sequences. In spite of these caveats, 
recruitment of a dCas9 repressor to the DUX4 promoter resulted 
in a detectable increase in repressive chromatin regulators and a 
decrease in an activating histone mark across the region. Together 
with the decrease in DUX4-fl transcription, these results are con-
sistent with enhanced repression of chromatin at the pathogenic 
locus. Analyzing effects on global gene expression via transcrip-
tome profiling is beyond the scope of this proof-of-principle 
study; however, our examination of several genes in the vicinity 

of off-target matches for sgRNAs that target DUX4 revealed no 
changes in gene expression. In addition, virtually no off-target 
matches for the sgRNAs used here occur outside of D4Z4 homo-
logues (Supplementary Table S1).49,74

While off-target binding of Cas9 and its derivatives is a serious 
concern for CRISPR-based therapeutics, the catalytically inac-
tive dCas9 has the advantage of not generating double-stranded 
breaks in DNA, which are hotspots for chromosomal transloca-
tions. It is encouraging that studies of dCas9 effector platforms 
have also reported no significant or very low-level off-target 
effects on genome-wide transcription.52,53,56,57 This can be attrib-
uted in part to the narrow genomic window in which dCas9 effec-
tors can mediate effects on gene expression (mainly enhancers 
and near the TSS of genes).53,56 Consistent with this, we found 
that dCas9 targeting of VP64 or KRAB to regions near D4Z4 (the 
proximal p13-E11 region and the distal DUX4 exon 3) had no 
effect on DUX4-fl expression. The off-target effects of a CRISPR 
repressor targeted to D4Z4 should be minimally toxic, as virtu-
ally all sequence matches for the sgRNAs used in our study occur 
in repressed, heterochromatic regions. In addition, the repres-
sive activity of dCas9-KRAB is highly sensitive to mismatches in 

Figure 5 Recruitment of dCas9-KRAB to the DUX4 promoter or exon 1 represses the D4Z4 locus in facioscapulohumeral muscular dystrophy 
(FSHD) myocytes. Chromatin immunoprecipitation (ChIP) assays were performed using FSHD myogenic cultures infected with combinations of 
lentiviral supernatants expressing either dCas9-KRAB or individual sgRNAs targeting the DUX4 promoter (#6–8) or exon 1 (#3–5). Following infec-
tion, cells were induced to differentiate for ~40 hours, as in Figures 2 and 3. Chromatin was immunoprecipitated using antibodies specific for (a) 
KAP1, (b) HP1α, (c) HP1β, (d) H3K27ac, or (e) the elongating form of RNA Pol II (Pol II-PS2), and analyzed by qPCR using primers to the (f) p13-E11 
region of 4q35 or exon 1, intron 1, or exon 3 of DUX4. Location of primers is shown in Figure 1a. In cases where enrichment of the specific factor was 
observed across the DUX4 locus, an off-target region was also assessed. Data are presented as fold enrichment of the target region by each specific 
antibody normalized to α-histone H3, with enrichment for the mock-infected cells set to 1. For all panels, each bar represents the average of at least 
three independent ChIP experiments.
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sgRNA target sequence; even single bp mismatches substantially 
reduce the level of repression observed.53 A recent study using 
CRISPR/Cas9 editing to correct the genetic lesion in a mouse 
model of Duchenne muscular dystrophy reported no difference 
in the frequency of indel mutations in 32 off-target regions among 
gene-edited and control mice, suggesting that Cas9 function is less 
promiscuous in vivo than in vitro.75

The development of increasingly sophisticated CRISPR-based 
systems is actively underway,57,71 as are methods for delivering 
Cas9 and its derivatives in vivo (e.g., via AAV vectors). From a 
therapeutic standpoint, the identification of sgRNAs that suc-
cessfully target DUX4-fl in FSHD is likely to prove useful even 
as effector platforms and delivery methods evolve. By demon-
strating feasibility, we have laid the groundwork for testing other 
dCas9 platforms and effectors in both cultured cells and in more 
therapeutically amenable in vivo models. Safe, efficient delivery of 
a dCas9-based platform that mediates the combinatorial recruit-
ment of specific regulators—both protein and RNA—should pave 
the way for more effective and stable correction of FSHD and 
other epigenetic diseases.

With increasing evidence that the repeat genome (compris-
ing nearly half the human genome) plays important roles in gene 
regulation, additional diseases will likely be found associated with 
aberrant repetitive genomic sequences.76–79 We have provided 
the first evidence that the repeat genome can be targeted via the 
CRISPR system, which is likely to prove useful as this hitherto 
overlooked portion of the genome is decoded.

MATERIALS AND METHODS
Plasmids and antibodies. pHAGE EF1-dCas9-VP64 was a gift from 
Rene Maehr & Scot Wolfe (Addgene plasmid #50918).55 pHAGE EF1-
dCas9-KRAB was a gift from Rene Maehr & Scot Wolfe (Addgene plas-
mid #50919).55 pLKO.1-puro U6 sgRNA BfuAI stuffer was a gift from 
Rene Maehr & Scot Wolfe (Addgene plasmid #50920).55 pHRdSV40-
dCas9-10xGCN4-v4-P2A-BFP was a gift from Ron Vale (Addgene plas-
mid #60903).62 pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS was 
a gift from Ron Vale (Addgene plasmid #60904).62 pHR-scFv-GCN4-
sfGFP-GB1-NLS-dWPRE was a gift from Ron Vale (Addgene plas-
mid #60906).62 ChIP-grade antibodies used in this study were: α-KAP1 
(ab3831), α-HP1α (ab77256), α-HP1β (ab10811), α-histone H3 (ab1791), 
α-histone H3K27acetyl (ab4729), and α-RNA Polymerase II CTD phos-
pho S2 (ab5095) from Abcam (Cambridge, MA). Other antibodies used 
for ChIP were α-HA high affinity (clone 3F10, Roche, Indianapolis, IN) 
and normal mouse IgG (sc-2025, Santa Cruz Biotechnology, Dallas, TX).

sgRNA design and plasmid construction. We used the publically available 
sgRNA design tool from the Broad Institute (http://www.broadinstitute.
org/rnai/public/analysis-tools/sgrna-design) to identify high-scoring can-
didate sgRNAs to four target regions within and flanking the D4Z4 repeat 
array (Figure 1a; Supplementary Table S1). Predicted off-target matches 
were determined by BLASTing each sequence against the human genomic 
database (https://blast.ncbi.nlm.nih.gov) (Supplementary Table  S1). 
High-scoring, nonoverlapping candidates with the fewest CpGs and off-
target matches (four to five sgRNAs for each target region) were cloned 
individually into BfuAI sites in the pLKO.1-puro U6 sgRNA BfuAI stuffer 
plasmid and sequence-verified.

Cell culture, transient transfections, and lentiviral infections. Myogenic 
cultures derived from biceps muscle of an FSHD1 patient (17Abic) were 
used in this study. Patient 17A has two permissive 4qA alleles (~5 repeat 

units on a contracted 4A161 allele; ~26 repeat units on the non-con-
tracted 4A-L161 allele; each 10q allele has ~37 repeat units). 17Abic myo-
blasts were grown in Ham’s F-10 medium supplemented with 20% FBS 
(Hyclone), 0.5% chick embryo extract, 1% antibiotics and antimycotics, 
and 1.2 mmol/l CaCl2. 293T packaging cells were grown in DMEM + 10% 
FBS + 0.1% penicillin-streptavidin. At ~80% confluency, 293T cells were 
transfected with lentiviral packaging plasmid (pCMV-dR8.91), envelope 
plasmid (VSV-G), and sgRNA expression plasmid using the TransIT-LT1 
transfection reagent (Mirus), according to the manufacturer’s protocol. 
Lentiviral supernatants were harvested at 11-hour intervals from 72–108 
hours post-transfection. At ~70–80% confluency, 17Abic myoblasts were 
subjected to four serial infections essentially as described.69 Briefly, lenti-
viral supernatants + 8 μg/ml polybrene were added to myoblasts and the 
plates were incubated for 15 minutes at 37 °C, then wrapped well with 
parafilm before centrifuging for 30 minutes at 1,100 g (32 °C). Following 
centrifugation, the viral supernatants were replaced with growth medium 
and cells were allowed to recover for ~8 hours prior to the next round of 
infection. Following the last round of infection, cells were switched to dif-
ferentiation medium (DM) (DMEM/F-12 medium (1:1, Hyclone) plus 2% 
horse serum (Lonza)) for ~40–48 hours prior to harvesting.

qRT-PCR. Total RNAs were extracted using TRIzol (Invitrogen) and puri-
fied using the RNeasy Mini kit (Qiagen) after on-column DNase I diges-
tion. Total RNA (2 µg) was used for cDNA synthesis using Superscript III 
Reverse Transcriptase (Invitrogen), and 200 ng of cDNA were used for 
qPCR analysis as previously described.33 Oligonucleotide primer sequences 
are provided in Supplementary Table S2.

ChIP. ChIP assays were performed with lentiviral-infected 17Abic dif-
ferentiated myocytes using the Fast ChIP method80 with some modifica-
tions. Cells were fixed in 1% formaldehyde in DMEM for 10 minutes and 
dounced 10× prior to sonication. Cells were sonicated for 12 rounds of 
15-second pulses at 65% power output on a Branson Sonifier 450 (VWR 
Scientific) to shear the DNA to a ladder of ~200–800 bp, and efficiency 
of shearing was verified by agarose gel electrophoresis. Chromatin was 
immunoprecipitated using 2 μg of specific antibodies or normal IgG. SYBR 
green quantitative PCR assays were performed for 40 cycles of: 94 °C for 
15 seconds, 55 °C for 30 seconds, and 72 °C for 30 seconds. PCR products 
were analyzed on a 1.5% agarose gel to verify correct size of products and 
specificity of primer annealing. Oligonucleotide primer sequences are pro-
vided in Supplementary Table S2.

SUPPLEMENTARY MATERIAL
Table S1. sgRNAs targeting the FSHD Locus.
Table S2. Sequences of oligonucleotide primers (5’ to 3’).
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