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Abstract

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common neuromuscular disorders. The major form of
the disease (FSHD1) is linked to decrease in copy number of a 3.3-kb tandem repeated macrosatellite (D4Z4), located on
chromosome 4q35. D4Z4 deletion alters chromatin structure of the locus leading to aberrant expression of nearby 4q35 genes.
Given the high variability in disease onset and progression, multiple factors could contribute to the pathogenesis of FSHD.
Among the FSHD candidate genes are double homeobox 4 (DUX4), encoded by the most telomeric D4Z4 unit, and FSHD region gene 1
(FRG1). DUX4 is a sequence-specific transcription factor. Here, we located putative DUX4 binding sites in the human FRG1
genomic area and we show specific DUX4 association to these regions. We found also that ectopically expressed DUX4
up-regulates the endogenous human FRG1 gene in healthy muscle cells, while DUX4 knockdown leads to a decrease in FRG1
expression in FSHD muscle cells. Moreover, DUX4 binds directly and specifically to its binding site located in the human FRG1
gene and transactivates constructs containing FRG1 genomic regions. Intriguingly, the mouse Frgl genomic area lacks DUX4
binding sites and DUX4 is unable to activate the endogenous mouse Frgl gene providing a possible explanation for the lack of
muscle phenotype in DUX4 transgenic mice. Altogether, our results demonstrate that FRG1 is a direct DUX4 transcriptional
target uncovering a novel regulatory circuit contributing to FSHD.

Introduction
repeats varies between 11 and more than 100, while FSHD pa-

Facioscapulohumeral muscular dystrophy (FSHD) is one of the
most prevalent neuromuscular diseases (1,2). It is an autosomal
dominant disease characterized by a unique pattern of affected
musculature, typically arising with a reduction of facial and
shoulder girdle muscle mass followed by weakness of the lower
extremities muscles (3). The major FSHD locus (FSHD1, MIM
#158900) was mapped to the subtelomeric portion of human
chromosome 4q35 (4), where is located a 3.3-kb macrosatellite
called D4Z4 (5). In healthy individuals, the number of D4Z4

tients carry from 1 to 10 repeats. In FSHD, the reduction in D4Z4
copy number is associated with a Polycomb/Trithorax switch (6)
leading to aberrant expression of as many as 17 different protein-
coding genes located at 4q35 (7-16). However, several studies
failed to confirm these results (17-22). Nevertheless, some 4q35
gene appears to be affected mainly during skeletal muscle devel-
opment justifying why it has not been identified by studies using
adult FSHD samples (15,16). Moreover, several 4935 genes display
very close homologues on other chromosomes and, as reported
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elsewhere (23,24), microarray probes do not target specifically
their 4935 copy.

The leading FSHD candidate gene is double homeobox 4 (DUX4)
(12,25). It is encoded from an open reading frame that is present
within each D4Z4 repeat, but only the most telomeric unit gener-
ates a stable DUX4 transcript (12,13). While there is strong indica-
tion that DUX4 has a causative role in the disease (12,26), it
appears insufficient to fully explain FSHD pathogenesis. Indeed,
it has been shown that DUX4 can be similarly overexpressed in
cells and muscle tissues derived from unaffected individuals
and FSHD patients (16,27). Moreover, transgenic mice displaying
a DUX4 expression pattern similar to FSHD patients do not show
any muscle phenotype (28). Also, DUX4 ectopic expression in
Zebrafish causes developmental muscle abnormalities (29), how-
ever muscular degeneration is not consistent with a dystrophic
phenotype. Altogether, these results suggest that DUX4 expres-
sion per se is not sufficient for FSHD muscle pathology and rise
the possibility that additional factors might contribute with
DUX4 leading to disease progression.

Another FSHD candidate gene is FSHD region gene 1 (FRG1) (30).
FRG1 has been shown to be selectively overexpressed in FSHD pa-
tients (7,14,16,31), although with inconsistent results (20-22,24).
FRG1 is a dynamic nuclear and cytoplasmic shuttling protein
that, in skeletal muscle, is also localized to the sarcomere (32).
In the nucleus, FRG1 is localized in nucleoli, Cajal bodies and ac-
tively transcribed chromatin (33,34) where it regulates RNA spli-
cing (35-38) and the activity of the histone methyltransferase
SUV4-20H1 (14). FRG1 overexpression leads to muscle stem cell
defects (39,40) and the development of FSHD-like phenotypes
in mice (36,40), Xenopus laevis and Caenorhabditis elegans (41-43).

To date, the molecular pathogenesis of FSHD has not been
completely elucidated. The peculiar nature of the mutation at
the basis of FSHD and its complex effect on the chromatin sur-
rounding the 4q35 genomic locus make it unlikely that the devel-
opment of the disease could be attributed to a single gene. Thus,
in FSHD multiple 4935 genes could contribute to the final result.
Here, we report that the transcription factor DUX4 binds in vitro
and in vivo specifically to the human FRG1 genomic region. Ac-
cordingly, ectopic DUX4 overexpression mediates FRG1 up-regu-
lation in human healthy myoblasts, while DUX4 knockdown
leads to FRG1 down-regulation in FSHD muscle cells. Moreover,
we demonstrate that a 31-bp sequence from the human FRG1
genomic region is sufficient to recapitulate transcriptional acti-
vation by DUX4. Notably, mouse Frgl is not regulated by DUX4.
Based on our results, we propose that a direct DUX4 and FRG1
interplay could contribute to the development of FSHD muscular
dystrophy.

Results

DUX4 is a transcriptional activator of FRG1 in human
muscle cells

To identify DUX4 targets, microarrays and chromatin immuno-
precipitation coupled with ultra-high-throughput sequencing
(ChIP-seq) studies following ectopic DUX4 overexpression in con-
trol human muscle cells were previously performed (44). In this
work, a 2-fold cut-off was set for the microarrays results.
Hence, the genes whose transactivation was lower than the
threshold imposed were not reported. We accessed the entire
microarrays dataset available on the Gene Expression Omnibus
database (GSE33799) and its inspection revealed a 1.8-fold
(adjusted P-value 1.24x 107°) FRG1 up-regulation in control
muscle cells ectopically expressing DUX4. While the FRG1 up-
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regulation level was not very high, we decided to further investi-
gate the matter due to its relevance for FSHD. To confirm that
DUX4 regulates the endogenous human FRG1 gene, we electropo-
rated control human muscle cells with the pCIneo-DUX4 expres-
sion vector or with the empty vector pClneo (Supplementary
Material, Fig. S1). Real-time quantitative Reverse transcription
polymerase chain reaction (RT-PCR) (RT-qPCR) analysis indicated
that ectopic DUX4 expression significantly increased the expres-
sion of the endogenous FRG1 gene by 2.8-fold, compared with the
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Figure 1. DUX4 regulates the endogenous FRG1 gene in human muscle cells.
Control human muscle cells were electroporated with an expression vector
either encoding DUX4 (pCIneo-DUX4) or insertless (pCIneo). Expression levels of
FRG1 are enhanced upon DUX4 overexpression. RFPL2 and TRIM48, bona fide
DUX4 targets, were used as positive controls and RPL13A as negative control
(paired t-test, *P <0.05, n =3, mean = SEM). N.d. is not detected. (B) FSHD human
muscle cells were infected with retroviruses containing a non-targeting
sequence (shNT) or a DUX4-targeting sequence (shDUX4). Upon DUX4
knockdown, FRG1 expression levels were reduced. RFPL2 and TRIM48 were used
as positive control, while RPL13A was used as negative control (paired t-test,
*P <0.05, ***P < 0.001, n =3, mean + SEM). (C) Immunofluorescence for DUX4 and
FRG1 in FSHD muscle cells. Scale bar is 10 um.
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empty vector control (Fig. 1A). As positive controls, we used RFPL2
(ret finger protein-like 2) and TRIM48 (tripartite motif containing 48),
two bona fide DUX4 targets previously identified upon ectopic
DUX4 overexpression in human control myoblasts (44) (Fig. 1A).

It has to be noted that RFPL2 and TRIM48 genes are silent or
expressed at very low levels in myoblasts, because they are
normally expressed only in primate neocortex during develop-
ment and in pre-implantation embryos, respectively (45,46).
Because of their extremely low basal expression levels, RFPL2
and TRIM48 were highly up-regulated by DUX4 overexpression
(44). In contrast FRG1 is expressed at substantial levels ubiqui-
tously (30,31), justifying its relatively mild activation by DUX4
overexpression.

Next, we tested the effect of DUX4 knockdown on the expres-
sion level of the endogenous human FRGI. We infected FSHD
human muscle cells with retroviruses expressing either non-silen-
cing or DUX4-targeting shRNAs. Upon DUX4 silencing, FRG1 ex-
pression was significantly reduced, as well as the positive control
RFPL2 (Fig. 1B). TRIM48 expression was also impaired, while expres-
sion of the negative control gene RPL13A was not altered (Fig. 1B).
To further support DUX4 role in positive regulation of FRG1, we per-
formed immunofluorescence for DUX4 and FRG1 on FSHD muscle
cells. As previously reported (13,27,47-49), we observed variable
DUX4 expression at single cell level. Interestingly, we found that
DUX4 and FRG1 expression are positively correlated. Figure 1C il-
lustrates that DUX4-positive cells have higher FRG1 levels com-
pared with DUX4-negative cells.

Collectively, these findings demonstrate that DUX4 positively
regulates the expression of the endogenous FRG1 gene in human
muscle cells.

DUX4 associates with FRG1 genomic regions in human
muscle cells

Asmentioned before, ChIP-seq experiments upon ectopic DUX4
overexpression in control human muscle cells were previously
performed (44). We loaded the ChIP-seq results (GSE33838) on
the UCSC genome browser and we found that two DUX4 ChIP-
seq peaks were present in the human FRGI genomic area. The
first peak (afterwards referred as FRG1 Peak1) was located inside
the second intron of the FRG1 gene, while the second peak
(FRG1 Peak?2) was located at the 3’ end of the gene (Fig. 2A). In-
triguingly, inspection of the ChIP-seq tracks belonging to the
ENCODE Enhancer- and Promoter-associated histone marks
(50,51) revealed that FRG1 Peak1 (but not FRG1 Peak?) displayed
a relative enrichment for Enhancer-associated histone marks
(H3K4me1l and H3K27Ac) (Supplementary Material, Fig. S2),
suggesting that it might belong to an enhancer regulating
FRG1 expression. To verify the DUX4 association to the above re-
gions, we electroporated control human muscle cells with a Myc-
tagged form of DUX4 (pCMV-Myc-N-DUX4) or the control pCMV-
Myc-N empty vector. Next, we performed chromatin immunopre-
cipitation followed by quantitative PCR (ChIP-qPCR) using anti-
DUX4 or anti-Myc tag antibodies (to support the specificity of the
ChIP-gPCR signal derived from DUX4), and with control IgG. As
shown in Figure 2B and C, with both anti-Myc and anti-DUX4 anti-
bodies we detected a clear DUX4 enrichment over FRG1 Peakl and
Peak?2, with respect to control cells. Intriguingly, while DUX4 en-
richment in FRG1 Peakl was comparable to that of the positive
controls RFPL2 and TRIM48 (Fig. 2B and D and E, respectively),
FRG1 Peak? signal was the lowest (Fig. 2C).

Thus, our results strongly suggest that DUX4 associates with
FRG1 genomic regions to activate its expression in human muscle
cells.

DUX4 mediates transactivation of FRG1 peak1 region

To investigate whether DUX4 might function as a FRG1 trans-
criptional activator through the identified genomic regions, we
cloned FRG1 Peak1 or Peak?2 regions upstream of the Firefly Luci-
ferase reporter gene (Fig. 3A). We co-transfected the constructs
together with pClneo-DUX4 expression vector or with the corre-
sponding pCIneo empty vector, and with a Renilla Luciferase ex-
pression vector to normalize the results. Surprisingly, we
found that DUX4 was able to transactivate selectively FRG1
Peak1 region, but not FRG1 Peak2 region (Fig. 3B). Interestingly,
inspection of the nucleotide sequence underlying FRG1 Peak re-
gions revealed that the previously described DUX4 consensus
binding site (TAAYBBAATCA, IUPAC nomenclature) (44) was pre-
sent in FRG1 Peak1 (TAATTCAATCA), while FRG1 Peak2 displayed
only a partial sequence (TAATGTA), providing a plausible explan-
ation for the differential activity of the two regions. To investigate
the functional relevance of our findings, we mutated the DUX4
core motif present in FRG1 Peak1 region. Mutations of FRG1 Peakl
region (Fig. 3A) ablated the transactivation mediated by DUX4
(Fig. 3B) supporting the sequence-specificity of DUX4-mediated
transcriptional activation of FRG1 gene expression.

DUX4 directly binds to FRG1 peak1 region

Our results indicated that DUX4 could bind specifically to FRG1
Peak1 to transactivate FRG1 expression. To evaluate this hypoth-
esis, oligonucleotide probes containing the regions of interest
were tested in an electrophoretic mobility shift assay (EMSA).
When a labelled FRG1 Peakl probe was incubated with an
in vitro translated DUX4 protein, a specific, slower migrating pro-
tein-DNA complex was formed (Fig. 4A). Competition with an ex-
cess of unlabelled FRG1 Peak1 oligo abolished binding, whereas
competition with unlabelled FRG1 Peakl oligo mutated in the
DUX4 consensus sequence was ineffective (Fig. 4A). A similar
band shift was obtained using the positive control TRIM48
(Fig. 4B), previously shown to be directly bound by DUX4 (44). In-
triguingly, no band shift was obtained using FRG1 Peak?2 (Fig. 4B),
further explaining the lack of activity of this region.

Altogether, our results show that DUX4 binds directly and
specifically to human FRG1 Peak1 to activate the expression of
this relevant FSHD candidate gene.

DUX4 does not regulate the mouse Frgl gene

Because DUX4 does not activate the same gene network in mouse
muscle cells, it has been suggested that the failure of DUX4 trans-
genic mice to develop a muscle phenotype could be due to lack of
activation of key target genes (28,52). Intriguingly, overexpression
of DUX4 does not cause any significant change in the expression
of the endogenous Frgl gene in mouse muscle cells (28,52) or in
DUX4 transgenic mice (Supplementary Material, Fig. S3), while
the positive control WAP four-disulfide core domain 3 (Wfdc3) gene
was up-regulated (28,52) and (Supplementary Material, Fig. S3).
Accordingly, the mouse Frgl genomic locus does not contain
any putative DUX4 binding site (data not shown). On the basis
of these results, it is tempting to speculate that the failure to ac-
tivate mouse Frgl could be one of the reasons underlying lack of
muscle phenotype in DUX4 transgenic mice.

Discussion

Despite its extensive study, FSHD pathogenesis remains still un-
clear and controversial. All current models predict that reduction
in D4Z4 copy number results in altered expression of the gene(s)
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Figure 2. DUX4 associates to the FRG1 genomic area. (A) Schematic draw of the FRG1 genomic area. White boxes represent the exons of the FRG1 gene. ChIP-seq peak
regions identified by Geng et al. (44) are shown as boxes with stripes. The first peak (FRG1 Peak1) is located inside the second intron, while the second peak (FRG1
Peak?) is at the 3’ end of the gene. Black arrows represent the position of the primers employed for the ChIP-qPCR analysis. (B) Control human muscle cells were
electroporated with an expression vector either encoding a Myc-tagged form of DUX4 (pCMV-Myc-N-DUX4) or the corresponding empty vector (pCMV-Myc-N). DUX4
was immunoprecipitated with either a-Myc or o-DUX4, and the signal was detect showing enrichment at FRG1 Peak1 region. (C) DUX4 was present also in FRG1 Peak2
region as well as in the genomic region of the two positive controls (D) RFPL2 and (E) TRIM48. One representative experiment out of three independent experiments is

shown. Error bars indicate standard error of the mean.

located in the 4935 genomic locus, leading to the disease (1,53).
While the most accepted FSHD candidate gene is DUX4, the
molecular mechanism following its up-regulation and leading
to the disease remains elusive. Moreover, the level of DUX4 is
not consistently altered in FSHD (13,16,18,27). It has been
shown that only 50% of FSHD samples display DUX4 overexpres-
sion (13,16,18) and that DUX4 transcript and protein can be simi-
larly expressed in cells and muscle tissues derived from FSHD
affected subjects and unaffected controls (16,27). Notably, DUX4

expression in FSHD-derived cells is extraordinarily infrequent.
Indeed, only 1 in 1000 cells is expressing a relatively abundant
amount of DUX4 at any given time (13). Recently, transgenic
mice overexpressing DUX4 through a D4Z4 array from an FSHD
patient have been reported (28). They recapitulate DUX4 epigen-
etic regulation and expression pattern typical of FSHD muscles,
DUX4 sporadic expression in muscle nuclei and its high expres-
sion levels in the germline (28). However, DUX4 mice do not
develop any obvious muscle phenotype (28).
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Another gene that has been reported overexpressed in FSHD
patients is FRG1 (7,14,16,31), but also in this case there is incon-
sistency (19-22,24).
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Figure 3. FRG1 Peakl region is sufficient for specific DUX4 transactivation.
(A) Schematic representation of the constructs employed in luciferase assays.
Genomic fragments of the FRG1 gene containing DUX4 putative binding sites
were cloned upstream of the SV40 promoter, which controlled the expression of
the Luciferase reporter gene. DUX4 core binding motifs within FRG1 genomic
regions are reported. The three nucleotides of FRG1 Peakl region that were
mutated to generate FRG1 Peakl-mutated region are underlined. (B) FRG1 Peakl
region is able to transactivate the Luciferase reporter gene in the presence of
DUX4, while the mutation in key DUX4 consensus sequence nucleotides
abolishes the transactivation. DUX4 is not able to transactivate the Luciferase
gene through FRG1 Peak?2 region (paired t-test, *P <0.05, n =3, mean + SEM).

Intriguingly, transgenic mice overexpressing FRG1 selectively
in the skeletal muscle develop a disease with physiological,
histological, ultrastructural and molecular features of FSHD.
FRG1 overexpressing mice display a progressive muscle dys-
trophy with differential involvement of muscle types that is strik-
ingly similar to that observed in FSHD, but not in other muscular
dystrophies (36,38-40,54). In addition, studies conducted in X. lae-
vis and C. elegans reveal that frg1 is required for normal muscle
development and its overexpression causes muscle defects and
vascular abnormalities correlated with the clinical findings
from FSHD patients (41-43). Further support for an involvement
of FRG1 in FSHD is provided by studies of individuals harbouring
large genomic deletions in the 4q35 region. For example, some
FSHD patients carry deletions that include not only the D4Z4 re-
peat array, but also eliminates FRG2 and DUX4C (two other FSHD
candidate genes) from the disease allele (55,56). This indicates
that DUX4C and FRG2 play a minor role in FSHD pathogenesis.
In contrast, individuals carrying larger deletion including FRG1
have no phenotypic consequences (57), consistent with a require-
ment of FRG1 for FSHD.

FSHD is a very heterogeneous disease characterized by an ex-
treme variability in disease onset, progression and severity. An in-
teresting possibility is that the complexity of the disease could
reflect heterogeneity in gene expression at the basis of it. Indeed,
itis unlikely that the root cause of a so much heterogeneous disease
could be attributed to a single gene. Here, we propose that both
DUX4 and FRG1 could be both required to fully develop the disease.

While the genetic defect at the basis of FSHD is present
in every tissue, an unknown mechanism dictates the disease
pathology is predominantly observed in skeletal muscle. Hence,
it is relevant to investigate the molecular interaction between
DUX4 and FRG1 in this context. We have inspected microarrays
and ChIP-seq datasets obtained by ectopically overexpressing
DUX4 in control human muscle cells (44). In this setting, DUX4
overexpression leads to a modest, but highly significant, increase
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Figure 4. DUX4 directly binds to FRG1 Peakl. (
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A) In vitro translated DUX4 protein binds to the labelled FRG1 Peak1 probe containing the TAATTCAATCA core sequence.

Competition with unlabelled FRG1 Peak1 probe abohshes DUX4 binding, while competition with an excess of unlabelled FRG1 Peak1l-mutated region probe (mutated core
sequence TACTTCTATGA) does not. (B) DUX4 incubation with TRIM48 Peak region probe produces a shifted band that indicates direct DNA-protein binding, while FRG1
Peak? region probe, containing a partial DUX4 core motif (TAATGTA), is not bound by DUX4. One representative experiment out of three independent experiments is shown.



in FRG1 expression. Accordingly, our results show that DUX4
overexpression increases the endogenous FRG1 expression in
control muscle cells, while DUX4 knockdown causes a reduction
in FRG1 expression levels in FSHD muscle cells. So far, all the
studies describing DUX4 target genes have been entirely based
on ectopic DUX4 manipulation (10,26,28,44,58). Instead, our
data indicate that the expression of DUX4 and FRG1 is positively
correlated in FSHD muscle cells under native conditions.

The inspection of the human FRG1 genomic locus identified a
single consensus DUX4 binding site located inside the second in-
tron of the gene (FRG1 Peak1), a region likely corresponding to an
enhancer for the FRG1 gene as determined by the ENCODE Consor-
tium (50,51,59). Accordingly, EMSA and reporter assays show that
DUX4 specifically binds and transactivates FRG1 Peak1. Collectively,
our results promote FRG1 as direct DUX4 transcriptional target
placing the two major FSHD candidate genes in the same circuitry.

In human muscle cells, DUX4 directly activates several genes
including germline and early stem cell program genes (44). Not-
ably, it has been shown that DUX4 does not activate the same
gene network in mouse muscle cells (28,52). On the basis of
these results, it has been suggested that the failure of DUX4 trans-
genic mice to develop a muscle phenotype could be due to failure
to activate key target genes (28,52). Intriguingly, the mouse Frg1l
genomiclocus is devoid of putative DUX4 binding sites. Accordingly,
we and others (28,52) have found that DUX4 is unable to activate
mouse Frgl. Consequently, it is tempting to hypothesize that
one of the reasons underlying lack of muscle phenotype in DUX4
transgenic mice is the failure to activate mouse Frgl.

In healthy subjects high D4Z4 copy number leads to chroma-
tin compaction at 4q35, while in FSHD patients low D4Z4 copy
number is associated with more accessible chromatin. Neverthe-
less, none of the proteins that have been found associated with
the FSHD locus is capable to directly regulate transcription. Hence,
one or more transcriptional activators must be involved in directly
increasing the transcriptional output of 4935 genes in FSHD. Our re-
sults strongly suggest that DUX4 acts downstream of 4935 chroma-
tin relaxation to activate FRG1 expression in FSHD, pointing towards
a unifying molecular pathway to FSHD pathogenesis.

Materials and Methods

Microarray and ChIP-seq data analysis

Microarray datasets (44) were available on the Gene Expression
Omnibus database under accession number GSE33799. To ana-
lyze microarrays data, GEO2R web tool (www.ncbi.nlm.nih.gov/
geo/geo2r) was used. ChIP-seq dataset (44) was available on the
Gene Expression Omnibus database under accession number
GSE33838. Custom tracks were analyzed using UCSC Genome
Browser (Wwww.genome.ucsc.eduy).

Cell culture

All procedures involving human samples were approved by
Fondazione San Raffaele del Monte Tabor Ethical Committee.
Immortalized human myoblasts were obtained from the
University of Massachusetts Medical School Senator Paul
D. Wellstone Muscular Dystrophy Cooperative Research Center
for FSHD (http:/www.umassmed.edu/wellstone) in Worcester,
MA, USA. The immortalized control myoblasts (WS161, 01Ubic
CT#5) were derived from the biceps of a healthy 46-year-old
male (60). The immortalized FSHD-patient myoblasts (WS227,
15Abic CT#1) were derived from the biceps of a 67-year-old
male with mild muscle weakness (60). Immortalized human
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myoblasts were grown in lox-hygro-hTERT Cdk4-neo (LHCN) me-
dium [4:1 Dulbecco’s Modified Eagle’s Medium (DMEM):Medium
199 (DMEM-HIGH DMEM, high glucose with sodium pyruvate
and L-glutamine; Euroclone) (Gibco) supplemented with 15%
fetal bovine serum (FBS) (Gibco), 0.02 m Hydroxyethyl-Piperazine
Ethanesulafonic Acid (HEPES), pH 7.2, 0.03 pg/ml ZnSOy, 1.4 ng/ml
vitamin B12 (Sigma-Aldrich), 0.055pug/ml dexamethasone
(Sigma-Aldrich), 1% penicillin/streptomycin (100 U/ml final con-
centration), 2.5 ng/ml hepatocyte growth factor (PeproTech) and
10 ng/ml basic fibroblast growth factor (PeproTech)]. When 90%
confluent, cells were switched to differentiation medium [4:1
DMEM:Medium 199 supplemented with 2% horse serum (Euro-
clone) and 1% penicillin/streptomycin] for 4 days. Medium was
replaced with fresh differentiation medium every day. Muscle
cells were routinely cultured in a humidified atmosphere at 37°
C with 5% O, and 5% CO,. The culture dishes were coated with
0.1% gelatin (Sigma-Aldrich) (60).

Chinese hamster ovary (CHO) cells were obtained from Ameri-
can Type Culture Collection (ATCC). Cells were maintained in
DMEM-HIGH supplemented with 10% FBS and 1% penicillin/
streptomycin. HEK293T cells were cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM,; Sigma-Aldrich) supplemented with
10% FBS and 1% penicillin/streptomycin. CHO and HEK293T
cells were maintained at 37°C in a 5% CO, incubator.

Cell electroporation

To mediate ectopic DUX4 overexpression, immortalized human
control myoblasts were electroporated using Neon Transfection
System (Life Technologies) following the manufacturer’s protocol.
For expression analysis, 500 000 myoblasts were resuspended in
100 pl of buffer R (Life Technologies) and transferred to a tube con-
taining 10 pg of pCIneo or pCIneo-DUX4 expression vectors. For chro-
matin immunoprecipitation, one million and a half of myoblasts
were resuspended in 100 ul of buffer R and transferred to a tube
containing 15 ug of pCMV-Myc-N or pCMV-Myc-N-DUX4 expression
vectors. Two pulses at 1150 V for 30 ms were performed. After elec-
troporation, 500 000 myoblasts were seeded in 10 cm dish in LHCN
medium without antibiotics. Cells were collected after 24 h.

Retrovirus production and transduction

HEK?293T cells were seeded in 15 cm dishes 24 h before transfec-
tion. The medium was changed 2 h before transfection. The plas-
mid DNA mix for a dish was prepared by adding 7 ug of VSV-G
envelope-encoding plasmid, 16.25 pg of pCMV-gagpol (MLV) plas-
mid and 35 pg of transfer vector pMLP retroviral ShRNA-mir non-
targeting control or targeting DUX4 (RLGH-GU19952) (transOMIC).
The plasmid solutions were made up to a final volume of 1125 ul
with tris-EDTA (TE) and 125 ul of 2.5 M CaCl, was added. The
mixes were incubated for 5min at RT on rotation. The 2x
HEPES-buffered saline, pH 7.12 solution (280 mm NacCl, 100 mM
HEPES, 1.5 mM Na,HPO,) was added dropwise to the DNA-TE-
CaCl, mixtures while vortexing at full speed and immediately
added to the cells. The medium was replaced after 14 h. Viral
supernatants were collected after 30 h, filtered and concentrated
by one round of ultracentrifugation for 2 h at 20 000 rpm at 4°C.
The viruses were resuspended in phosphate buffer solution (PBS).

For viral transduction, 600 000 immortalized human FSHD
myoblasts were seeded in 10 cm dish. Cells were incubated over-
night with the virus supplemented with polybrene (final concen-
tration 8 pg/ul; Sigma-Aldrich). The day after, cells were splitted
and 48 h post-infection Puromyecin selection (final concentration
0.3 pg/ml) was started and it was continued until all non-infected
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control cells died. Cells were differentiated into myotubes and
collected for RNA extraction.

Immunofluorescence

Human primary myoblasts were cultured as previously reported
(27). Cells were propagated on gelatin-coated glasses until 90%
confluence and then switched to differentiation for 4 days. Im-
munofluorescence was performed as described in (27). Briefly,
cells were rinsed two times with PBS, fixed with 2% paraformal-
dehyde for 7 min at RT, washed three times with PBS, permeabi-
lized with 1% Triton-X100 in PBS for 15 min and incubated in
blocking solution [2% horse serum (Gibco), 2% goat serum
(Sigma), 2% bovine serum albumin (BSA) (Sigma) in PBS+0.1%
Triton-X100] for 45 min at RT. Cells were incubated overnight at
4°C with a 1:50 dilution in blocking solution of the E5-5 antibody
(61) for DUX4 and a 1:500 dilution of the FRG1 antibody (Abnova,
cat. H00002483-B01). The day after, a 1:500 dilution of Alexa Fluor
(Life Technologies) secondary antibodies was employed.

RNA extraction, RT-PCR and RT-qPCR

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Fondazione San Raffaele del Monte
Tabor and were communicated to the Ministry of Health and
local authorities according to Italian law.

Total RNA was isolated from tongue muscle using Trizol re-
agent (Life Technologies). Tissue was disrupted and homoge-
nized using TissueLyser (Qiagen) for 5 min at 50 Hz. Then, RNA
extraction was performed by purification with RNA spin columns
(PureLink RNA Mini kit, Ambion).

RNA extraction from cells was performed by purification with
RNA spin columns (PureLink RNA Mini kit, Ambion), including
the digestion with DNAsel (Life Technologies), following the
manufacturer’s instructions.

Retrotranscription was performed employing SuperScript III
first-strand synthesis system for RT-PCR (Life Technologies).
Two micrograms of total RNA were mixed with oligo(dT) and the
RT-PCR reaction was performed following the manufacturer’s
protocol. For gene expression analysis, real-time PCR with Sybr
GreenER gPCR kit (Life Technologies) was used. Aliquots of 1 or
2 ul of cDNA were used for each reaction. Each sample was run
in triplicate and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as housekeeping gene for sample normaliza-
tion. Real-time PCRs were conducted as follows: initial denatur-
ation 10 min at 95°C, denaturation 30 s at 95°C, annealing 30 s at
58°C, extension 30 s at 72°C and repeated for 40 cycles. The speci-
ficity of the amplified products was monitored by performing
melting curves at the end of each amplification reaction. Sequence
of the primers used are listed in Supplementary Material, Table S1.

Endpoint PCR

For DUX4 full-length isoforms amplification, 0.5 ul of cDNA was
employed as template. PCR amplifications were performed with
Expand Long Range, dNTPack (Roche) following manufacturer’s
instructions. Dimethyl sulfoxide was employed in the reaction
mix at a final concentration of 8%. PCRs were conducted as
follows: initial denaturation 5 min at 94°C, denaturation 30 s at
94°C, annealing 30 s at 62°C, extension 2.5 min at 68°C and re-
peated for 30 cycles. A single final extension for 7 min at 68°C
was included. Previously documented (13) primers 15A and 175
were employed. The amplified products were loaded on a 1%
agarose gel.

Chromatin immunoprecipitation

Immortalized human control myoblasts were electroporated
with pCMV-Myc-N (Clontech) and pCMV-Myc-N-DUX4 expression
vectors. In order to collect chromatin, cells were briefly washed
once with PBS and immediately fixed for 10 min at RT in 1% for-
maldehyde in PBS (from a 37.5% formaldehyde/10% methanol
stock; Sigma-Aldrich). After formaldehyde quenching with gly-
cine (final concentration 125 mwm) (Sigma-Aldrich) for 2 min,
cells were washed three times for 5 min in PBS with gentle
swirl. Cells were harvested by using a silicon scraper and cold
PBS. Cells were collected and centrifuged at 1350 g for 5 min at
4°C. Two million cells were lysed in 600pul of LB1 solution
[50 mm HEPES-KOH, pH 7.5, 140 mm NaCl, 1 mM ethylenediami-
netetraacetic acid (EDTA), 10% glycerol, 0.5% NP-40, 0.25% Triton
X-100] and incubated for 10 min on ice. The samples were centri-
fuged at 1350 g for 5 min at 4°C. The resulting pellet was washed
in 600 ul of LB2 solution [10 mM Tris-HCl, pH 8; 200 mM Nacl,
1 mmMm EDTA, 0.5 mM ethyleneglycolbistetra acetate (EGTA)] with
gentle swirl 10 min at RT. Next, samples were centrifuged at
1350 g for 5min at 4°C and the resulting pellet was lysed in
600 pl of LB3 solution (10 mMm Tris-HCl, pH 8; 100 mMm Nacl,
1 mmEDTA, 0.5 mMm EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroyl-
sarcosine). LB1, LB2 and LB3 solutions were supplemented with
protease inhibitor (complete EDTA-free protease inhibitor cock-
tail tablets; Roche). Lysates were sonicated with Bioruptor (Diag-
enode). Briefly, 300 pl aliquots of LB3 lysates in eppendorf tubes
were sonicated for 10 min (high intensity, 30 s on 30 s off).

An aliquot (55 pl) of the sonicated material was collected to
determine the quality of the chromatin by adding 0.1 M NaHCOs3,
1% sodium dodecyl sulfate (SDS) (100 ul), 5 ul of Proteinase K
(20 mg/ml; Promega) and incubated for 1 h at 55°C for cross-link
reversal. Next, samples were precipitated with 5 m LiCl (3.2 ul)
and 1ml 100% EtOH by centrifuging for 30 min at 4°C at
16 360 g. The pellet was washed in 70% EtOH and centrifuged
for 10 min at 4°C at 16 360 g. After air dry, the pellet was resus-
pended in H,0 and loaded on 1% agarose gel for electrophoresis.
We considered good a chromatin enriched in fragments of 300-
500 bp. The samples were quantified with Nanodrop spectropho-
tometer to determine the concentration of chromatin.

Before starting the ChIP, Triton X-100 was added to chromatin
samples at a final concentration of 1% and a centrifugation step of
10 min at 4°C at 16 360 g followed. Fifty micrograms of chromatin
were used for each ChIP. For each ChIP, 50 ul of Dynabeads protein
G (Life Technologies) were washed three times with 0.5% BSA in
PBS and incubated with 10 pg of antibody [anti-c-Myc clone 9E10
(Covance), anti-DUX4 E5-5 (ab124699, Abcam) (61)] in 250 ul of
0.5% BSA in PBS for 2-3 h on rotation at 4°C. Next, the beads—anti-
body complex was washed three times with 0.5% BSA in PBS and
resuspended in 50 pl of 0.5% BSA in PBS. Chromatin and beads-
antibody complexes were incubated on rotation overnight at 4°
C. The day after, before starting the washes, 5% of the total
ChIP volume was taken from the control IgG supernatant as
input fraction. Next, six washes of 5 min at 4°C in RIPA buffer
(50 mm HEPES-KOH, pH 7.6, 500 mm LiCl, 1 mm EDTA, 1% NP-40,
0.7% Na-deoxycholate) were performed. An additional wash of
5 min on rotation at 4°C in TE buffer (10 mm Tris-HCl, pH 8;
1 mm EDTA) with 50 mm NaCl was performed. Next, samples
were centrifuged for 3 min at 1000 g at 4°C. The supernatant
was discarded and to the beads-antibody-chromatin complex
were added 240 ul of elution buffer (TE buffer with 2% SDS). Sam-
ples were incubated in a thermo mixer for 15 min at 65°C with
shaking and then centrifuged for 1 min at RT at 16 360 g. The
eluted supernatant was transferred to a new tube and samples,
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together with the input fractions to which three volumes of elu-
tion buffer were added, were crosslink-reverted overnight at 65°C.
For sample purification, the QIAquick PCR purification kit was
used (Qiagen), following the manufacturer’s recommendations.
DNA was eluted in 50 ul of TE buffer and 1 ul was used in real-
time PCR with the qPCR Mix (Promega). Real-time PCR conditions
were the same reported in RT-qPCR section. Sequence and
annealing temperature of the employed primers are listed in
Supplementary Material, Table S2.

Constructs and cloning procedures

Primers used for cloning are listed in Supplementary Material,
Table S3. PCR amplifications were performed with Expand Long
Range, dNTPack (Roche) or Expand High Fidelity Plus PCR System,
dNTPack (Roche). PCR products were digested with the restriction
enzymes (New England BioLabs) listed in Supplementary Mater-
ial, Table S3. For pCMV-Myc-N-DUX4, pCS2-mkgDUX4 expression
vector (Addgene) (25) was employed as template. pCMV-Myc
(Clontech) was digested with EcoRI and Xhol and DUX4 insert
was ligated with T4 DNA Ligase (Promega). For luciferase assays,
the pGL3-promoter vector (Promega), which contains the SV40 pro-
moter, was digested with Bglll and HindIII (New England BioLabs)
and ligated in a previously digested and dephosphorylated
pGL4.14 [luc2/Hygro] vector (Promega). FRG1 Peakl and Peak? re-
gions were cloned employing human genomic DNA as template.
PCR products were digested with the restriction enzymes listed in
Supplementary Material, Table S3 and ligated in the pGL4.14-
SV40 promoter vector previously digested and dephosphorylated.
To clone FRG1 Peakl-mutated region, a mutagenesis by PCR-dri-
ven overlap extension approach was used. Briefly, two flanking
primers that marked the 5’ ends of both strands and two internal
overlapping primers that contained the desired mutations were
designed. An initial PCR generated overlapping gene segments
containing the desired mutations that were then used as tem-
plate DNA for another PCR to create a full-length product. All
the inserts were fully sequenced.

Luciferase reporter assay

CHO cells were transfected with Lipofectamine LTX (Life Tech-
nologies) following manufacturer’s protocol. Specifically, cells
were co-transfected with combinations of three different plas-
mids: pGL4.14-SV40 promoter Firefly Luciferase Reporter vector
(empty or carrying FRG1 Peakl, FRG1 Peakl-mutated or FRG1
Peak?2 regions upstream of SV40 promoter), pCIneo or pClneo-
DUX4 expression vectors (10) and pGL4.73 [hRluc/SV40] Renilla Lu-
ciferase Reporter vector (Promega) in a ratio of 3:1:1, respectively.
Twenty-four hours after transfection, cells were lysed in Passive
Lysis Buffer (Promega) and both the Firefly and Renilla Luciferase
activities were quantified using Dual-Luciferase Reporter Assay
System (Promega). Biological triplicates were performed. Lucifer-
ase data for each region were normalized to the corresponding
samples transfected with pCIneo vector.

EMSA

For band-shift assays, 3’ end biotin-labelled oligonucleotides
listed in Supplementary Material, Table S4 were employed. Com-
plementary oligonucleotides were annealed by mixing together
at a 1:1 molar ratio and incubated in boiling water for 5 min.
Then, they were slowly cooled to RT.

The cell-free expression system TyT SP6 High-Yield Wheat
Germ Protein Expression System (Promega) was used to produce
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the recombinant DUX4 protein. The plasmids employed as tem-
plates were the empty pCS2+ and the pCS2-mkgDUX4 expression
vectors (Addgene) (25). For protein synthesis, 5 ug of the appropri-
ate DNA template were used according to manufacturer’s
instructions. In vitro produced DUX4 protein was verified by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis, fol-
lowed by immunoblotting. Twenty femtomoles of probes were
incubated with 5 pl of in vitro translated in the presence of 1 ug
of poly(dl:dC) and 5 pg of herring sperm in a buffer containing
10 mm Tris, pH 7.5, 0.1 mm EDTA, 1 mMm DTT, 100 mMm KCl, 3 mM
MgCl,, 12% glycerol (62). For oligonucleotide competition assays,
two hundred times wild-type or mutated double-stranded un-
labelled probes were added to the sample before complex
formation.

After 30 min incubation at RT, DNA-protein complexes were
separated by electrophoresis in 10% (w/v) acrylamide gels formed
in 0.5X TBE (Sigma-Aldrich) and ran in the same buffer at 4 mA at
4°C. Then, the gels were transferred on a Biodyne nylon mem-
brane (Thermo Scientific) at 380 mA for 45 min at 4°C. The mem-
brane was crosslinked at 120 mJ/cm? with an UV-Stratalinker and
the biotin-labelled DNA was detected by chemiluminescence
using the LightShift Chemiluminescent EMSA Kit (Thermo Scien-
tific) following the manufacturer’s protocol. Autoradiography
films were used to detect biotin signal.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
5.0a (GraphPad Software, San Diego, USA). Statistical significance
was calculated by Student’s t-test on at least three independent
experiments; P-value: *P <0.05; **P <0.01; **P <0.001. Details of
each dataset are provided in the corresponding figure legends.
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