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ABSTRACT

Facioscapulohumeralmuscular dystrophy (FSHD) represents amajor unmet clinical need arising from
the progressive weakness and atrophy of skeletal muscles. The dearth of adequate experimental
models has severely hampered our understanding of the disease. To date, no treatment is available
for FSHD. Human embryonic stem cells (hESCs) potentially represent a renewable source of skeletal
muscle cells (SkMCs) and provide an alternative to invasive patient biopsies.Wedeveloped a scalable
monolayer system to differentiate hESCs into mature SkMCs within 26 days, without cell sorting or
genetic manipulation. Here we show that SkMCs derived from FSHD1-affected hESC lines exclusively
express the FSHD pathogenicmarker double homeobox 4 and exhibit some of the defects reported in
FSHD. FSHD1myotubes are thinner when comparedwith unaffected and Beckermuscular dystrophy
myotubes, and differentially regulate genes involved in cell cycle control, oxidative stress response,
andcell adhesion.This cellularmodelwill beapowerful tool for studyingFSHDandwill ultimatelyassist in
the development of effective treatments for muscular dystrophies. STEM CELLS TRANSLATIONAL

MEDICINE 2016;5:1145–1161

SIGNIFICANCE

This work describes an efficient and highly scalable monolayer system to differentiate human plurip-
otent stem cells (hPSCs) into skeletal muscle cells (SkMCs) and demonstrates disease-specific pheno-
types in SkMCs derived from both embryonic and induced hPSCs affected with facioscapulohumeral
muscular dystrophy. This study represents the firsthuman stemcell-based cellularmodel for amuscular
dystrophy that is suitable for high-throughput screening and drug development.

INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD)
is oneof themost commonanddevastating forms
ofmuscular dystrophy, affecting1 in 8,000people
[1]. The pathology is initially and often asymmet-
rically limited to a small set of skeletal muscles
and is characterized by progressive weakness
and atrophy of facial, shoulder, and upper arm
muscles, eventually affecting the trunk and lower
extremities [2, 3].

FSHD is caused by complex genetic and epige-
netic defects [2, 4]. In the vast majority of cases
(95%), referred to as FSHD1, the disease is associ-
ated with an autosomal dominant contraction of
the D4Z4 repeat array in the 4q35 subtelomeric
region. In nonaffected individuals, this array com-
prises 11–100 tandem copies of the 3.3-kb D4Z4
element, whereas patients with FSHD1 only have

1–10 D4Z4 copies. However, in approximately 5%
of patients, termed FSHD2, the contraction of the
D4Z4array is notobserved. AlthoughFSHD1and2
appear to be clinically indistinguishable, FSHD2
patients are genetically distinct,with amore com-
plex digenic inheritance pattern [5]. The D4Z4
contraction is thought to alter chromatin struc-
ture and subsequently lead to the aberrant de-
repression of several 4q35 genes, among which
the retrogene double homeobox 4 (DUX4) is be-
lieved to be the main pathogenic candidate [6–8].
Although keyprogress in understanding thedisease
has been made in the last decade and a generally
accepted model has emerged [9], the molecular
mechanisms underlying FSHD are not fully under-
stood and often debated. To date, no treatment
is available specifically for FSHD.

One of themost challenging aspects of studying
FSHD and a major limitation in drug development
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is the ability tomodel the disease in cultured cells or animal mod-
els. Becauseonly primateshave the retrogeneDUX4embedded in
the D4Z4 region, the generation of animal models that recapitu-
late the disease has proven difficult. Several approaches have
been developed to establish FSHD mouse models, mostly based
on overexpression of FSHD candidate genes [10–13]. Although
thesemiceexhibit someaspects of FSHD,noneof themaccurately
portrays the human condition [14]. Primary myoblasts from hu-
man biopsies and ectopic DUX4 expression in mouse myogenic
cells have served as cellular models for FSHD [15–18]. Although
these cells have been useful for demonstrating the regulation
ofDUX4 and its implication in FSHD, suchmodels are not suitable
for intensive studies or high-throughput screening required for
drug development. Genetically affected human embryonic stem
cells (hESCs) offer amajor advantage formodeling humanmuscu-
lar diseases. In addition to their unmodified genome, hESCs have
proliferationanddifferentiationproperties thatmake themanex-
cellent source of skeletal muscle cells (SkMCs). Furthermore,
hESCs provide the opportunity to investigate the early stages of
pathogenesis and allow the identification of primary causes of
genetic disease rather than downstream physiological effects.
Until very recently, SkMC derivation from hESCs remained a chal-
lenge and often required the forced expression of myogenic fac-
tors [19–21], the generation of three-dimensional (3D) embryoid
bodies/spheres [22–24], or extensive cell sorting [25]—three
techniques limiting the quantity or consistency of SkMCs pro-
duced and their applications such as drug screening [26]. Differ-
entiation methodologies have subsequently improved, and
recent protocolswere derived by recapitulating skeletalmuscle
embryonic development using smallmolecules [27–29]. Gener-
ally, previously published protocols necessitate a prolonged
time in culture and generate SkMCs with variable efficiency.

We have developed a monolayer protocol for the differenti-
ation of human pluripotent stem cells (hPSCs) into 70% skeletal
myosin heavy chain (SkMHC)-positive skeletal muscle cells within
26 dayswithout cell sorting or geneticmanipulation. In this study,
we generated mature SkMCs from three FSHD1-affected hESC
lines and compared them to three unaffected hESC lines for their
capacity to differentiate and cellular phenotype.OneBeckermus-
cular dystrophy (BMD)-affected hESC line was used as a disease
control. We demonstrated FSHD-specific changes in FSHD1-
affected hESC-SkMCs, including DUX4 expression, thinner myo-
tubes, and genetic dysregulation. We confirmed FSHD1-specific
phenotypes in SkMCs derived from two FSHD1-affected induced
pluripotent stem cell (iPSC) lines. This study reveals a novel and
renewable method for the study of muscular diseases and un-
covers phenotypes of FSHD1-affectedmyotubes suitable for ther-
apeutic screening applications.

MATERIALS AND METHODS

Ethics Statement

All relevant procedures and protocols were carried out in compli-
ance with international Guidelines for Human Embryonic Stem
Cell Research (including Australian Guidelines on the use of assis-
ted reproductive technology in clinical practice and research, the
U.S. National Academies’ guidelines for hESC research 2008, and
guidelines of the Steering Committee for the United Kingdom
Stem Cell Bank). The project and research conducted were ap-
proved by the Genea Human Ethics Committee, a predominantly

independent committee constituted according to the require-
ments of Australia’s National Health and Medical Research
Council.

Cell Lines

Unaffected hESCs (GENEA002, GENEA015, and GENEA019),
FSHD1 hESCs (GENEA049, GENEA050, and GENEA096), and
BMD hESCs (GENEA058) were derived from donated embryos.
Details of the derivation are presented in the supplemental
online data. Patient-specific iPSCs generated from a healthy in-
dividual (line HFF) and patients with FSHD1 (lines 43.1 and 83.6)
were obtained from D.G.M.’s laboratory and are described in
Snider et al. [30]. All cell line details are listed in supplemental
online Table 1.

Human Embryonic Stem Cell Maintenance
and Differentiation

Undifferentiated hESC lines were maintained and expanded
feeder-free on collagen I-coated plates (Biocoat, BDBiosciences,
San Jose, CA, http://www.bdbiosciences.com) and in serum-free
M2 medium (Genea Biocells, Sydney, Australia, http://www.
geneabiocells.com). hESC skeletal muscle differentiation exper-
iments were performed in a 5% O2/5% CO2 incubator, by using
the commercially availableGenea Biocells skeletalmuscle differ-
entiation medium. Cells were plated at 2,500 cells per cm2 onto
collagen I-coated plates and maintained for 10 days in skeletal
muscle induction medium containing 5% horse serum (Thermo
Fisher Scientific LifeSciences,OakwoodVillage,OH,https://www.
thermofisher.com), 3 mM CHIR99021 (LC Laboratories, Woburn,
MA,http://www.lclabs.com), 2mMAlk5 Inhibitor (SapphireBiosci-
ence, Redfern, Australia, http://www.sapphirebioscience.com),
10 ng/ml human recombinant epidermal growth factor (hr-EGF)
(Miltenyi Biotec, San Diego, CA, http://www.miltenyibiotec.
com), 10 mg/ml insulin (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com), 0.4 mg/ml dexamethasone (Sigma-
Aldrich), and 200 mM ascorbic acid (Sigma-Aldrich). At day
10, cells were dissociated with 0.05% trypsin, plated at 2,500
cells per cm2 onto collagen I-coated plates, and maintained
for 8 days in skeletal myoblast medium containing 5% horse se-
rum, 10mg/ml insulin, 10 ng/ml hr-EGF, 20 ng/ml hr-HGF (Pepro-
tech, Rocky Hill, NJ, http://www.peprotech.com), 10 ng/ml
hr-PDGF (Peprotech), 20 ng/ml hr-bFGF (Miltenyi Biotec), 20 ug/ml
oncostatin (Miltenyi Biotec), 10 ng/ml insulin-like growth factor
1 (Miltenyi Biotec), 2 mM SB431542 (Miltenyi Biotec), and
200mMascorbic acid. After 18 days of differentiation, cells were
attained and incubated in myotube medium, containing 10 mg/ml
insulin, 20 mg/ml oncostatin, 50 nM necrosulfonamide (Cellagen
Technology, San Diego, CA, http://www.cellagentech.com), and
200 mM ascorbic acid. Cells were then maintained for 7 days in
myotube medium.

Immunofluorescence Analysis

Cells were fixed with 10% formalin (Sigma-Aldrich, HT5011) for
15min at room temperature andwere stained for specific skeletal
muscle markers using the following antibodies and dilutions.
For myogenic precursors: conjugated PE-CD56 (1/200; clone
B159, BD Bioscience catalog no. 561903), Pax3 (1/100; clone
274212, catalog no. MAB2457, R&D Systems, Minneapolis, MN,
https://www.rndsystems.com), and Pax7 (1/100; R&D Systems,
catalog no.MAB1675). Formyoblasts: myogenic differentiation
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1 (MyoD1; 1/200; clone 5.8A, BD Biosciences, catalog no. 554130)
and Desmin (1/200; clone RD301, BD Biosciences, catalog no.
550626). For myotubes: Myogenin (1/200; clone F5D, BD Biosci-
ences, catalog no. 556358), a-dystrophin (1/50; Developmental
Studies Hybridoma Bank [DSHB], Iowa City, IA, http://dshb.
biology.uiowa.edu; MANDRA-1), MF20 (1/400; DSHB MF20.c),
and skMHC (1/200; DSHBA4.1025). In order to validate our anal-
ysis method, two myosin heavy chain (MHC) antibodies were
used to ensure that similar results were obtained from the im-
age analysis based on either stain. Ki67 antibody (1/400; D3B5,
Cell Signaling, Beverly, MA, http://www.cellsignal.com) was
used to detect proliferating cells. For pluripotency markers,
Oct4 (1/200; BD Biosciences, catalog no. 560217), TRA-1-60
(1/150; BD Bioscience, catalog no. 560121), and Nanog (1/150;
BD Biosciences, catalog no. 560483) antibodies were used. Ap-
propriate Alexa Fluor secondary antibodies (Thermo Fisher
Scientific Life Sciences; 1:500) were used, and nuclei were visu-
alized with Hoechst 33342 (1/5,000; Thermo Fisher Scientific
Life Sciences catalog no. H3570). For reactive oxygen species
(ROS) detection, CellROX Oxidative Stress Reagents (Thermo
Fisher Scientific Life Sciences, catalog no. C10444) were used.
Cells were incubated for 30 minutes with CellROX Green Re-
agent, a probe that upon oxidation binds to DNA and exhibits
fluorogenic signal in the nucleus and mitochondria of live cells.
For 5-ethynyl-29-deoxyuridine (EdU) staining, cells were treated
with 1:1,000 EdU (10 mM stock in dimethyl sulfoxide) in differenti-
ationmedium for 1 hour at 37°C. Cellswere fixedwith 10% formalin
and then treated with Click-iT Plus EdU Alexa Fluor 647 Imaging Kit
(Thermo Fisher Scientific Life Sciences catalog no. 10640) as per
manufacturer’s instructions. Cells were imaged by using an
IN Cell Analyzer 6000 (GE Healthcare Life Sciences, Piscataway,
NJ, http://www.gelifesciences.com) high-content analysis system.
DeveloperToolboxVersion1.9.wasutilized for imageanalysis tode-
termine the percentage of positively stained cells.

Myotube Morphology Analysis

Myotubes were stained by immunofluorescence withMF20 anti-
body as described above. Cells were imaged with the IN Cell An-
alyzer 6000, and myotube morphology was analyzed with
Developer Toolbox Version 1.9. Briefly, myotubeswere identified
by drawing a circular mask determined by MF20 staining that
could be analyzed to define the fiber length and the average,
median, and maximal diameters. For the number of nuclei per
myotube, nuclei were identified by drawing a circularmask deter-
mined by Hoechst staining. Developer Toolbox Version 1.9 soft-
ware was used to define when an identified nucleus was present
within a MF20 stained cell. Myotubes were counted from at least
12 random fields in three independent experiments, and the data
were collated. The results are expressed as mean values 6 99%
confidence.Myotubeswith awidth,5mmwere considered “thin
myotubes.” The ratio of thin versus total myotubes is expressed in
percent as mean6 SEM.

siRNA Transfections

DUX4 siRNA (siDUX4: 59-r[GAUGAUUAGUUCAGAGAUA]d[TT]-39)
used in this study were custom synthesized (Silencer Select,
Thermo Fisher Scientific Life Sciences) by using previously pub-
lished sequences [16]. For a nontargeting control, we used the
nontargeting Silencer Select Negative Control 1 (Thermo Fisher
Scientific Life Sciences). For 1 well of a 12-well plate, 2 ml of

10 mM stock was resuspended in 100 ml of Opti-Mem (Thermo
Fisher Scientific Life Sciences) and incubated for 5 min with
3ml of Lipofectamine RNAiMax (Thermo Fisher Scientific Life Sci-
ences). The same conditions were scaled down for transfection in
96-well plates. The mixture was added to myoblasts at day 18,
when the cells were switched to myotube medium version 1.0
for terminal differentiation. Medium was changed every 2 days,
and 7 days later, RNA was harvested to assess DUX4 expression
by quantitative polymerase chain reaction (qPCR), andmyotubes
were fixed with formalin to assess their morphology.

Total RNA Extraction and Quantitative Reverse-
Transcription Polymerase Chain Reaction Analysis

Total RNAwasharvested frommyotube cultures byusing theAxy-
prep Multisource total RNA kit (Corning, Corning, NY, http://
www.corning.com). Quality and quantity of RNA were assessed
by absorbance spectroscopy (Nanodrop, Thermo Fisher Scientific
Life Sciences). For DUX4 quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR), RNAwas treated with DNase in
solution using Turbo DNase (Thermo Fisher Scientific Life Sci-
ences). After quantification, 1 mg of RNA was retrotranscribed
with Superscript III First-Strand Synthesis SuperMix for qRT-PCR
(Thermo Fisher Scientific Life Sciences). A total of 2 ml of cDNA
was used for qPCR using the SYBR GreenER qPCR SuperMix Uni-
versal kit. Real-Time PCR was run on a CFX96 Bio-Rad Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, http://www.bio-
rad.com). Details of the reactions, cycle program, and primer se-
quences are described in the supplemental online data.

Whole Transcriptome Gene Expression Analysis

Total RNA sampleswere collected from three biological replicates
of unaffected-, FSHD1-, and BMD-hESC-derived myotubes as de-
scribed above. The total RNA was reverse-transcribed to cDNA
and in vitro-transcribed to biotin-labeled cRNA by using the Illu-
mina TotalPrep RNA Amplification kit (Ambion, Thermo Fisher
Scientific Life Sciences). The cRNA was hybridized to Illumina
HumanHT-12 v4 Expression BeadChip transcriptome-wide arrays.
Probe intensities were background subtracted by using Beadstu-
dio (Illumina, San Diego, CA, http://www.illumina.com) and nor-
malized by using the cross-correlation method [31] on MATLAB.
Gene probe sets with minimum 1.5-fold change (on a log 2 scale)
and t test significance p, .05 on the average of FSHD1 or BMD
samples over the average of the unaffected controls were iso-
lated. Heatmaps of normalized fold change in gene expression
on a log 2 scale were generated by using Cluster and Treeview
[32], and while diagrams were produced by using Venny (http://
bioinfogp.cnb.csic.es/tools/venny/index.html). Gene ontology was
performed by using Ingenuity Pathway Analysis (Qiagen, Hilden,
Germany, http://www.qiagen.com), and significant disease func-
tionswere identifiedwith p, .05 by using Fisher’s exact test. The
microarray data were deposited into the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO)
database with accession no. GSE64003. For comparison against
other FSHD1 datasets, raw RNA-sequencing (RNA-seq) data were
obtained for FSHD1/control biopsies and myotube samples from
the NCBI GEO dataset GSE56787 [6], and sequence counts were
normalized by using the total numbers of mappable reads across
all samples. Affymetrix microarray data analysis [33] was con-
ducted on of FSHD1/control myotube samples from the dataset
GSE26145 and normalized by using the Cross-Correlationmethod
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[31] posterior probe set intensity summarization (Affymetrix,
Santa Clara, CA, http://www.affymetrix.com). Cross-platform
comparisons were carried out by matching Entrez Gene IDs,
and common target genes that showed .1.5-fold change be-
tween the average of the FSHD1 versus control samples in the
RNA-Seq and/or Affymetrix datasets in agreement with the Illu-
mina data described in this study were identified.

Statistical Analysis

All experiments were performed at least three times. All values
are presented as mean 6 SEM, unless otherwise specified. The
significance of the difference between two independent samples
was evaluated by two-tailed Student’s t test. p values of .05, .01,
and .001 were considered significant.

RESULTS

Efficient Generation of Mature Skeletal Muscle Cells
From hESCs

The generation of SkMCs from hPSCs in high yields and within a
reasonable time frame has been challenging. In order to develop
an efficient protocol for the differentiation of hPSCs into SkMCs,
we used high-throughput screening and tested combinations of
small molecules and growth factors for their potential to initiate
and promote myogenic differentiation. To demonstrate the effi-
ciency of our newly established monolayer system, three hESC
lines were initially tested. The workflow of skeletal muscle differ-
entiation highlighting the key factors used is shown in Figure 1A.
The detailed protocol is described in Materials and Methods.
Briefly, hESCs (GENEA002, GENEA019, and GENEA020) were
plated at low density and with no cell-cell contact onto collagen
I-coatedplates, and theywere exposed to a series of skeletalmus-
clemedia following a three-step process. To confirm their muscle
identity, differentiating cells were stained with stage-specific
muscle markers at the three steps of the differentiation process.
Results from thebest experiments arepresented in Figure 1. After
10 days in skeletal muscle induction medium, immunofluores-
cence experiments with myogenic progenitor markers revealed
that 80% of the cells were PAX3+, 20% were PAX7+, and
30%–40% were CD56+, indicating muscle lineage commitment
(Fig. 1B, 1E). At day 18, after the second step of differentiation,
50%–60% of the cells stained positive forMYOD1, a key regulator
of myogenesis, and 20% were Desmin+ (DES; muscle-specific in-
termediate filament), showing that the myogenic precursors de-
veloped into skeletal myoblasts (Fig. 1C, 1F). At day 26, after the
third and final stage of the process, the cells differentiated fur-
ther, and 50%–80% formed elongated and multinucleated myo-
tubes that stained positive for the skeletal muscle markers
myogenin, MF20 (sarcomeric myosin), dystrophin, and a-Actinin
(Fig. 1D, 1G). Time-lapse recording showed hESCmyoblast prolif-
eration and differentiation into myotubes (supplemental online
Movie 1). Mature myotubes were generated reproducibly and
consistently from 20 different hESC lines, indicating that this
method of SkMC derivation is fast, efficient, and robust. In fact,
all cell lines (hESC and human induced pluripotent stem cell
[hiPSC]) tested by us as well as collaborators (C.P. Emerson, Jr.,
personal communication) could be efficiently differentiated by
thismethod. Another key advantage is the high yield of SkMCpro-
duction. On average, from 13 experiments across 10 lines, 1 hESC
resulted in approximately 2,000 myoblasts at day 18. During the

fusion process, increased cell death was observed, and approxi-
mately 70% of the final population formed myotubes. This
translates to 1,000–1,200 mature SkMCs arising from 1 hESC.
Furthermore, cells can be passaged at themyogenic progenitor
or myoblast stages, which could increase the number of myo-
tubes generated from each hESC. However, the number of
passages is limited, or cells stop proliferating. Myogenic pro-
genitors and myoblasts can be banked, and this does not affect
their differentiation capacities. HESC myotubes were also ma-
ture and functional. Twitching fibers could be observed in cul-
ture and are shown in supplemental online Movie 2.

Derivation of FSHD1 and BMD Affected hESC Lines

In order to develop a cellular model for FSHD, three FSHD1-
affected hESC lines, (siblings GENEA049 and 050 and GENEA096)
were derived from independent embryos after preimplantation
genetic diagnosis. These lines carry the deletion responsible for
FSHD and contain a D4Z4 array size of 22.6 kb (GENEA049 and
GENEA050) and 24 kb (GENEA096), corresponding to 5 and 6 cop-
ies of the D4Z4 unit, respectively. The size of the D4Z4 repeats
remained stable during culture (data not shown). In addition,
we derived one hESC line affected by BMD that was used as a dis-
ease control. Three nonaffected hESC lineswere also used as con-
trols (GENEA002, GENEA015, andGENEA019). There is no familial
relationship between the control and diseased lines. Their details
are shown in supplemental online Table 1.

FSHD1-hESCs Efficiently Differentiate Into Skeletal
Muscle Cells

Toassesswhether FSHD1orBMDmutations affect thegeneration
of SkMCs, we tested the ability of three independent FSHD1 hESC
lines to differentiate into mature SkMCs and compared the out-
comes tounaffected andoneBMD-affected control lines. After 10
days in induction medium, no significant difference in PAX3 or
PAX7 expression was observed between unaffected and FSHD1
myogenic precursor (Fig. 2A). However, a consistent 40% de-
crease in the number of myoblasts expressing MYOD1 was ob-
served in FSHD myoblasts at day 18 of the differentiation (Fig.
2B). This suggests that DUX4 expression repressed MYOD1 ex-
pression in the early stage of skeletal muscle differentiation
and is in agreementwith numerous studies [15, 34, 35]. However,
in ourmodel, this does not affect the capacity of FSHD1myoblasts
to differentiate. After 26 days of in vitro differentiation, FSHD1-
hESCs formed a well-organized network of multinucleated
myotubes staining positive for MF20, dystrophin, and SkMHC
(50%–70%), similarly to unaffected control cells (Fig. 2C–2F).
Identical to the unaffected SkMCs, 40% of the nuclei within
FSHD1 myotubes expressed myogenin (Fig. 2C–2F). Interest-
ingly, BMD-affected hESCs showed impaired skeletal muscle
differentiation, with only 30% of MF20- and SkMHC-expressing
myotubes (Fig. 2D, 2E). As expected, only a small number (15%)
of BMD-affected myotubes stained positive for dystrophin (Fig.
2D, 2E), consistent with the BMD-associated mutation/deletion in
the dystrophin gene, causing a reduced expression of the protein
[36]. These results demonstrate that FSHD1 hESCs can differentiate
into skeletal muscle cells with the same efficiency as unaffected
cell lines. Unlike a previous report on myotubes derived from pri-
maryFSHD1myoblasts [37],weneverobservedadisorganizedmyo-
tube morphology from FSHD1- hESC lines.
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Figure 1. Differentiation of human embryonic stem cells (hESCs) into skeletal muscle cells. (A):Workflow of skeletal muscle differentiation of
hESCs. Key factors applied are indicated for every step of the differentiation. (B–D): Bright field and immunofluorescence images of PAX3+ or
PAX7+ and CD56+myogenic precursors at day 10 (B), MYOD1+/desmin+myoblasts at day 18 (C), andmyogenin+/dystrophin+ myotubes at day
26 (D). Scale bars = 100 mm. (E–G): Quantitative analysis of PAX3+ or PAX7+ nuclei and CD56+ cells at day 10 (E), MYOD1+ nuclei and desmin+
myoblasts at day18 (F), andmyogenin+nuclei andMF20+/dystropohin+/a-actinin+myotubes atday26 (G). Formyotubes, results arepresented
as the percentage of nuclei in positive cells over total number of nuclei. Error bars represent SEM. Abbreviations: AA, ascorbic acid; Ai, Alk5
inhibitor; BF, bright field; C, CHIR99021; d0, day 0; Dex, dexamethasone; E, epidermal growth factor; F, basic fibroblast growth factor;
GEN002, GENEA002; HS, horse serum; I, insulin; IG, insulin-like growth factor 1; MyoD1, myogenic differentiation 1; N, necrosulfonamide;
O, oncostatin; P, platelet-derived growth factor; SB, SB431542.
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(Figure legend appears on next page.)
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Despite variability between cell lines, FSHD1-affected and un-
affected lines did not show significant differences in patterns of
proliferation, as demonstrated by the resulting cell numbers after
each proliferative stage, in myogenic progenitors and myoblasts
(supplemental online Fig. 2A). Cell-cycle kinetics were also
analyzed by immunostaining against the proliferation-specific
proteins Ki67 in day 10 (d10) myogenic precursors and d18
myoblasts. The vast majority of healthy and FSHD1-affected cells
(90%) were positive for Ki67 and therefore actively proliferating
at both stages (supplemental online Fig. 2B).

hESC-SkMCs Show Characteristics of Functional Fetal
Skeletal Muscle Cells

To further validate our differentiation protocol and assess the ex-
pression profile of a larger panel of skeletal muscle markers, we
performed DNA microarray analysis on undifferentiated hESCs
and myotubes derived from the seven hESC lines, using Illumina
HumanHT-12v4 arrays. Normalized microarray expression data
are shown in Figure 2G and supplemental online Figure 1. All
affected and unaffected hESC-SkMCs expressed high and com-
parable levels of skeletal muscle-specific genes, including
the myogenesis differentiation factor myogenin (supplemental
online Fig. 1), the skeletal muscle contractility genes (Fig. 2G), NEB
(nebulin),TTNN2A (titin),TNNT (TroponinT),TNNI (troponinI),TNNC
(troponinC), MYOM1 (myomesin; supplemental online Fig. 1), and
the skeletal muscle-specific enzyme CKM (muscle specific creatine
kinase; supplemental online Fig. 1). In accordance with our dy-
strophin immunofluorescence data (Fig. 2D, 2E), the microarray
confirmed reduced expression of dystrophin in BMD myotubes
(supplemental online Fig. 1). The presence of both fast-twitch
(TNNI2, TNNT3, and TNNC2) and slow-twitch (TNNC1 and TNNT1)
fiber-specific genes was also detected (Fig. 2C and supplemental
online Fig. 1). MYH3 and MYH8 (myosin heavy chain isoforms),
which are typical of fetal development and muscle regeneration,
were highly expressed in all hESC-SkMC samples (supplemental
online Fig. 1), suggesting that, in our system, hESCs generate early
stage fetal-like muscle cells. As expected, TTN N2B (a cardiac-
specific isoform of TTN) was not expressed in our skeletal muscle
cells (data not shown), demonstrating the specificity of our system.

To ensure that no residual pluripotent cells remained in culture
upon differentiation, we analyzed the expression of pluripotency
markersNanog,Oct4,andTRA-1-60by immunofluorescence inhESC
myoblasts, at d17 of the differentiation process before fusion into
myotubes. Although the threemarkerswere present in the vastma-
jority of pluripotent hESCs, theywere not detected in differentiating
myoblasts from healthy and FSHD1 cell lines (supplemental online
Fig. 3A). This was further confirmed by the microarray data in hESC
myotubes. Pluripotency markers Nanog, Oct4, and Sox2 were

highly expressed in all undifferentiated hESCs and completely
downregulated in hESC-SkMC cultures, regardless of disease sta-
tus (supplemental online Fig. 3B).

FSHDMyotubes Are Thinner and Shorter Than Controls

The morphology of both FSHD and unaffected myotubes dis-
played a broad range of lengths and diameters, and no obvious
defects were initially observed in FSHD1 myotubes. Because
several studies reported reduced diameters in FSHD muscle
cells [37–39], we performed a detailed morphological analysis of
hESC-SkMCs. Myotubes were stained with a MF20-specific anti-
body, and the width, length, and number of nuclei per myotube
were analyzed by using automated high-content analysis technol-
ogy. To prevent bias from any one particular experiment, we show
here the mean value of the pooled data from three independent
experiments.Highly consistent results fromindividual experiments
are also presented in supplemental online Fig. 4. FSHD1myotubes
were generally thinner than the control and BMD-affected lines,
with an average and median diameter of 5.5–5.8 and 5.2–5.4 mm,
respectively, versus 6–6.2 and 5.6–5.8mmfor controlmyotubes
(Fig. 3A, 3B). Themaximal diameter showed a greater difference,
with 10.8–12.7 mm for FSHD myotubes and 13.3–13.4 mm
for control myotubes (Fig. 3C). To quantify the reduced thickness
in our FSHD-SkMCs, we counted the number ofmyotubeswith an
average diameter of ,5 mm that we defined as thin myotubes.
Reanalysis of our data with this diameter threshold showed that
12%–23%of the FSHDmyotubeswere thin as comparedwith only
5%–8% in unaffected and 3% in BMD-affected SkMC cultures (Fig.
3D). Like BMDmyotubes (324mm), FSHDmyotubes were shorter
(183–377 mm) than unaffected controls (438–536 mm) (Fig. 3E).
Counting the number of nuclei permyotube also showed that FSHD
and BMDmyotubes contained a lower number of nuclei (Fig. 3F).
These data suggest that our FSHDmyotubes already demonstrate
cell-autonomous thin phenotypes at the fetal-like stage.

Microarray Analysis Demonstrates FSHD-Specific
Regulation of the D4Z4 Locus

Many expression arrays and some protein expression studies
have been performed on control and FSHD muscle biopsies,
but a strong molecular signature for FSHD remains to be deter-
mined [33, 40–42]. In order to identify genes and/or pathways dif-
ferentially regulated inour hESC-FSHD1myotubes,weperformed
DNAmicroarray analysis on coding andnoncodingRNA fromhESC
myotubes as mentioned above. A total of 47,231 probes were in-
vestigated on Illumina HumanHT-12 v4 arrays. Three biological
replicates, corresponding to SkMCs derived from three indepen-
dent differentiation experiments,were used for eachof the seven

Figure 2. Differentiation of FSHD1-affected hESCs into SkMCs. (A): Immunofluorescence images of PAX3 andPAX7 staining in FSHD1myogenic
precursors and quantitative image analysis of the staining in two control and two FSHD1 cell lines. (B): Immunofluorescence images of MYOD1
staining in FSHD1 myoblasts and quantitative image analysis of the staining in three controls and three FSHD1 cell lines. (C, D): Bright field and
immunofluorescence images of MF20+/dystrophin+/SkMHC+ and myogenin+ hESC-derived myotubes at day 26 (d26) of the skeletal muscle
differentiation process. Scale bars = 100 mm. (E, F): Quantitative image analysis of MF20+/Dysrophin+/SkMHC+ myotubes at d26 in three un-
affected, three FSHD1, and one BMD hESC lines (E). Values are presented as the percentage of nuclei in positive cells over total nuclei. (F):
Myogenin+ nuclei in d26 myotubes. The graphs show the mean 6 SEM of the three independent experiments. (G): Skeletal muscle-specific
gene expression obtained from microarray analysis of hESC myotubes at d26. Diagrams represent the normalized expression level of specific
mRNA in three unaffected, three FSHD1, and one BMD hESC lines. Error bars represent the SEM of three biological replicates. See also
supplemental online Figure 1. Abbreviations: BF, bright field; BMD, Becker muscular dystrophy; FSHD1, facioscapulohumeral muscular dystro-
phy 1; GEN050, GENEA050; hESC, human embryonic stem cell; MD, muscular dystrophy; MHC, myosin heavy chain; MyoD1, myogenic differ-
entiation 1;NEB, nebulin; SkMCs, skeletalmuscle cells; SkMHC, skeletalmyosin heavy chain; TNNC1, troponin C1; TNNT3, troponin T3; TTN, titin.
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Figure 3. FSHD-specific phenotypic changes in hESC myotubes. (A–F): hESC myotube morphology analysis. Skeletal muscle cells (SkMCs) de-
rived from three unaffected, three FSHD1, andoneBMD-affected hESC lineswere stainedwithMF20 antibody, andmyotubeswere analyzed for
their average (A), median (B), and maximal diameters (C) (mm). Diagrams represent the mean values of three pooled experiments6 99% con-
fidence. (D): Ratio of atrophic (,5 mm) versus total myotubes in hESC-SkMCs. The graph represents the mean6 SEM of three independent
experiments. (E, F): Graphs showing the length of hESC myotubes (E) and the number of nuclei/myotubes (F) in the seven cell lines. Diagrams
represent themean values of three pooled experiments6 99%confidence. Statistical analysiswas performedbetween themean values of each
experiments to take into account the three experimental replicates. pp, p, .01; ppp, p, .001. (G): Quantitative polymerase chain reaction
(qPCR) analysis of DUX4 expression during differentiation of hESCs into SkMCs. RNA was harvested from three unaffected and three FSHD1-
affected hESC lines at day 10 (d10), d18, and d26, the three stages of skeletal muscle differentiation. (H): qPCR analysis of ZSCAN4 andMBD3L2
expression in hESC myotubes. (I): qPCR analysis of DUX4 expression in d26 hESC myotubes transfected with DUX4 siRNA or scramble siRNA.

(Figure legend continues on next page.)
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hESC lines. By using the criteria described inMaterials andMeth-
ods (minimum 1.5-fold change and statistically significant at
p , .05), a total of 746 genes were dysregulated in FSHD myo-
tubes, representing 1.6% of the transcripts arrayed. As shown
on the Venn diagram and the heatmap (supplemental online
Fig. 5A, 5B), themajority of geneswith altered expression in FSHD
are not dysregulated in BMD. We observed 215 upregulated
probes and 531 downregulated probes specifically in FSHD. We
saw very little evidence (less than 10 genes up and down) of over-
lapping patterns of altered expression between the two diseases.
Only 59 genes were coregulated and moving in the same direc-
tions in both FSHD1 and BMD, demonstrating that these two
muscle pathologies are fundamentally different. The full list of
FSHD-associated dysregulated genes is available in supplemental
online Table 2.

Several studies support the position-effect hypothesis in
FSHD, by claiming that several genes located close to the D4Z4 lo-
cus on 4q35 are upregulated in FSHD muscle [8, 10, 43]. In our
microarray study, we found that two of the genes in the 4q35 re-
gion, SLC25A4 (ANT1) and PDLIM3 (ALP), are significantly upregu-
lated in FSHD1 myotubes (Table 1). DUX4 mRNA expression was
not detected in any of the skeletal muscle samples (data not
shown). This may be because of its low level of expression below
the detection limit of the method [30]. However, the first identi-
fied DUX4 target, PITX1, was downregulated, as observed in one
type ofmuscle biopsy [44]. A summary of the changes in gene ex-
pression reported to be dysregulated in FSHD is shown in Table 2.
Dysregulation of the D4Z4 locus and its downstream targets is a
hallmark of FSHD and validates the use of our hESC-SkMC model
for the study of FSHD.

DUX4 Is Exclusively Expressed in FSHD1-Affected SkMCs

In healthy individuals, DUX4 expression is epigenetically sup-
pressed in differentiated tissues [30]. Although DUX4 mechanisms
of action and downstream targets are not entirely elucidated,
aberrant upregulation of DUX4 in muscle is believed to be the
main molecular signature of FSHD [6]. Detection of the DUX4
protein proved technically challenging because of its particularly
low abundance in only a very small number of nuclei in FSHD
myoblasts (1 in 1,000) and myotubes (1 in 200) [45]. We have
analyzed DUX4 expression by RT-qPCR at the different stages
of hESC differentiation into SkMCs (myogenic precursors, myo-
blasts, and myotubes). Results confirmed exclusive DUX4 ex-
pression in the three FSHD lines, with higher DUX4 expression
levels in myotubes than in myoblasts, consistent with a study
by Tassin et al. [45]. Interestingly, we also found a high level of
DUX4 expression in FSHD1 myogenic precursors (Fig. 3G). DUX4
qPCR product was sequenced to confirm that the correct DUX4
sequence was amplified (data not shown). We also analyzed
theexpression of zinc finger and SCANdomain-containing protein
4 (ZSCAN4) and methyl-CpG binding domain protein 3-like 2
(MBD3L2) in hESC myotubes, two previously identified DUX4

targets [6] that were not detected in our microarray because of
their low level of expression (Table 2). We confirmed the expres-
sion of ZSCAN4 andMBD3L2 exclusively in FSHD1-affected myo-
tubes (Fig. 3H). These findings are consistent with a recent study
showing that, although FSHD clinicalmanifestations are generally
not present until midlife, molecular markers of FSHD are already
expressed at the fetal stages [18]. These data further validate our
hESC-SkMC system as a cellular model for FSHD.

DUX4 Expression Is Responsible for the Thin Diameters
of FSHD1 Myotubes

To demonstrate that the morphological changes we observed in
FSHD1 myotubes are caused by DUX4 expression, we attempted
a rescue by DUX4 knockdown in FSHD1myotubes. Myoblasts de-
rived from two FSHD-hESC lines (GENEA049 and GENEA050) and
two control lines (GENEA015 and GENEA019) were transfected
withDUX4 siRNA at d18 and further differentiated intomyotubes
until d26. Although siRNA transfections did not affect skeletal
muscle differentiation of any cell lines (Fig. 3J), a clear reduction
of DUX4 transcript levels was observed in FSHD myotubes trans-
fectedwith siDUX4, but notwith the scrambled control (Fig. 3I).
Interestingly, after differentiation, thin diameters observed in
FSHD myotubes were rescued in siDUX4-transfected cells (Fig.
3K), demonstrating a correlation between DUX4 expression
level and myotube diameter in the FSHD1 lines. In contrast,
we did not observe a rescue of the FSHD myotube length (data
not shown).

Biological PathwaysDisrupted inFSHD1-hESCMyotubes

To explore which biological pathways are disrupted in FSHD1, we
performed Ingenuity Pathway Analysis (IPA) of the genes that are
differentially expressed by more than 1.5-fold (p, .05) between
affected and unaffected myotubes. A summary of the most signif-
icantly altered biological functions and examples of dysregulated
genes are represented in Table 1.Of the FSHD-specific dysregulated
genes,manyplayacritical role incell cycle (Cdc42,CDKN1B,CDKN2B,
CDC8, and Cyclin D1) and cell proliferation/differentiation (MYOD1),
with only a small minority being implicated in myogenesis. As
shown in Table 1, the components of three canonical signaling
pathways involved in proliferation and/or differentiation of
many cell types (Notch1/Dll1, Wnt2/Wnt5A, and TGFb2/
BMP4) were also found to be dysregulated in FSHD1 muscles.
Several studies have demonstrated the hypersensitivity of
FSHD myoblasts to oxidative stress [38, 46]. Interestingly,
our microarray data showed that four genes involved in oxida-
tive stress response were dysregulated in FSHD myotubes. The
expression of the antioxidant enzymes CAT (catalase) and
GSTT1 (Glutathione S Transferase 1), which has been shown
to be upregulated by oxidative stress [47] and induced by
DUX4 expression [6], were found to be highly increased in FSHD
versus control myotubes. Finally, a large number of the signif-
icantly altered genes in FSHD muscle are components of the

(Figure legend continued from previous page.)
(G–I): Ct values forDUX4, ZSCAN4, andMBD3L2 expressionwere normalized to Ct values for the reference geneGAPDH. (J):MF20 expression in
myotubes transfected with DUX4 siRNA or scramble. (K): Myotube morphology analysis of two unaffected and two FSHD-affected cell lines
transfected with DUX4 siRNA or scramble. Diagrams represent the mean values6 SEM. Statistical analysis was performed between scramble
and siDUX4 values. pp, p, .01; ppp, p, .001. Abbreviations: BMD, Becker muscular dystrophy; Dux4, double homeobox 4; FSHD1, faciosca-
pulohumeralmuscular dystrophy1;GEN015,GENEA015; hESC, humanembryonic stemcell;MBD3L2,methyl-CpGbindingdomainprotein 3-like
2; siDUX4, double homeobox 4 siRNA; ZSCAN4, zinc finger and SCAN domain-containing protein 4.
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extracellular matrix (ECM) and cell adhesion molecules, in-
volved in cell adhesion/migration. The list is summarized in
Table 1 and includes genes encoding for collagen, laminin
(LAMA2, LAMC3, and LAMB1), fibrinillin, and other ECM pro-
teins, integrins, and cadherins. Interestingly, gene pathways
involved in cell adhesion, cell migration, and ECM signaling
have recently been shown to be downregulated in DUX4-
expressing cells [48].

FSHD1-hESC Myotubes Have Common and Distinct
Gene Dysregulation Profiles With FSHD1-Muscle
Biopsy-Derived Myotubes

We compared the list of FSHD1-dysregulated genes identified in
our microarray study with those previously reported to be dysre-
gulated in FSHD1 biopsy-derived myotubes in the RNA-seq anal-
ysis performed by Yao et al. [6] and in the microarray analysis
from Tsumagari et al. [33]. The latter was chosen over other
FSHD1 microarray datasets because only isolated cells (myoblasts/
differentiated myotubes) were analyzed and are more reflective
of our cellular model than full skeletal muscle biopsies containing
amixture of nonmuscle cells. TheCheli et al.microarray studywas
omitted because themajority of FSHD1 dysregulated genes were
found to be in myoblasts and only a small number were in myo-
tubes [40]. Of the 746 FSHD1-dysregulated probes in our micro-
array data, 137 genes were also found to be dysregulated in
FSHD1-biopsy-derivedmyotubes from the Tsumagari et al.micro-
array and/or Yao et al. RNA-seq datasets (supplemental online
Fig. 6). Among them, GSTT1 is common to all three studies,

Table 1. Example of FSHD-associated deregulated genes

Biological function Gene
Fold change,
log 2 scale

p value
(t test)

Cell proliferation and
differentiation

Cell cycle CDC42 0.8231 .0096

CDCA8 0.6775 .0500

CDKN1B 0.5968 .0127

CDKN2B 21.2893 .0127

CDK5R1 0.8327 .0062

FOXM1 0.7390 .0490

CCND1 22.4369 .0067

Canonical pathways Notch1 0.6815 .0196

Dll1 1.2487 .0075

Wnt2 21.7754 .0430

Wnt5A 21.9054 .0010

FRZB 21.7964 .0132

TGFb 20.9008 .0375

BMP4 20.7864 .0497

Myogenesis MyoD1 1.0244 .0348

NFIX 21.9481 .0360

ERBB3 1.1444 .0355

MSTN 0.7233 .0457

BDNF 20.8897 .0396

Muscle function

Nos function RYR1 0.8935 .0248

RYR3 1.2901 .0058

CHRNA1 0.6521 .0011

CHRNA3 20.7936 .0253

Cell death

Cytotoxicity GSTT1 2.3040 .0109

GSTM1 22.2044 .0022

CYP1B1 21.0723 .0227

CAT 0.7757 .0325

Cell adhesion, cell migration,
and connective tissue

Extracellular matrix Col2A1 1.6815 .0290

Col19A1 0.8555 .0122

Col1A1 20.7466 .0294

Col5A2 20.7775 .0179

Col6A1 20.9458 .0117

Col6A2 21.1447 .0277

Col6A3 22.2272 .0063

Col11A1 21.0846 .0047

Col14A1 21.4913 .0441

Col15A1 21.6919 .0091

FBN1 21.1909 .0243

FBLN1 20.7984 .0315

FBLN5 21.6312 .0344

ELN 20.7696 .0441

ECM1 20.8588 .0167

LAMA2 20.7923 .0143

Table 1. (Cont’d)

Biological function Gene
Fold change,
log 2 scale

p value
(t test)

LAMB1 20.9761 .0191

LAMC3 21.2174 .0432

DKK1 21.0764 .0450

COMP 21.0288 .0112

SPON2 21.0680 .0373

MATN3 20.6726 .0261

Cell adhesion molecules ITGA11 21.8590 .0109

ITGA4 20.7266 .0054

CDH6 20.9942 .0216

CELSR3 20.8288 .0349

PCDHB3 20.5885 .0287

Abbreviations: BDNF, brain-derived neurotrophic factor; BMP4, bone
morphogenic protein 4; CAT, catalase; CCND1, cyclin D1; CDC42, cell
division cycle 42;CDCA8, cell divisioncycle-associated8; CDH6, cadherin
6 type 2; CDK5R1, cyclin-dependent kinase 5 regulatory subunit 1;
CDKN1B, cyclin-dependent kinase inhibitor 1B; CELSR3, cadherin;
CHRNA1, cholinergic receptor nicotinic aI; Col2A1, collagen type II aI;
COMP, cartilage oligomeric matrix protein; CYP1B1, cytochrome P450
family 1 subfamily B polyp 1; DKK1, Dickkopf homolog 1; Dll1, delta-like
homolog 1; ECM1, extracellular matrix protein 1; ELN, elastin; ERBB3,
v-erb-b2 erythroblastic leukemia oncogenehomolog 3; FBLN1, fibulin 1;
FBN1, fibrillin 1; FOXM1, Forkhead box M1; FRZB, frizzled-related
protein; FSHD, facioscapulohumeral muscular dystrophy; GSTT1,
glutathione S-transferase u1; ITGA11, integrin a11; LAMA2, laminin a2;
MATN3, matrilin 3;MSTN, myostatin;MyoD1,myogenic differentiation
1; NFIX, nuclear factor I/X; PCDHB3, protocadherin; RYR1, ryanodine
receptor 1; SPON2, spondin 2; TGFb, transforming growth factor b;
Wnt2, wingless-type MMTV integration site family 2.
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indicating that it is a canonical target of FSHD1. PKP2 (Plakophilin 2),
encoding for a protein that links cadherins to intermediate fil-
aments in the cytoskeleton, is also common to all three studies
and could suggest a dysregulation of cell adhesion/migration in
FSHD1. In total, 85 genes identified in our microarray study were
in agreement with the FSHD1 myotube samples of Yao et al., in-
cluding 2 of themyogenesis factors (NFIX andMSTN) and 3 of the
ECM genes (COL19A1, ECM1, and DKK1), whereas a smaller num-
ber of genes [21] showed agreement with the FSHD1 muscle bi-
opsy samples. The smaller number of reproducible targets in the
biopsy samples compared with the myotubes may be because of
the presence of nonmuscle cells in the biopsies. A total of 49
genes from our microarray dataset were found to be in common
with themicroarray targets of Tsumagari et al. The remaining 609
probes identified in our study, but not reflected in the Yao et al.
and Tsumagari et al. datasets,may be due to differences between
the cellular models used. Although the skeletal muscle biopsies/
myotubes used in the other two studies consisted of adult cells,
the hESC-myotube model we developed is embryonic in nature.
Consequently, the dysregulated genes identified here are distinct
from those previously reported in biopsies or primary myoblast
derivatives. Our stem cell-based model may better recapitulate
the early stages of the disease and could be more useful in iden-
tifying consistent gene dysregulations that are important for
the onset or predisposition of the disease. In adult biopsies/
myotubes, the original FSHD1 phenotypes may be obscured by
adaptive or epigenetic changes that occur over time in the
later-stage development of the disease. Some of the lack of con-
sistency between our data and the RNA-seq study from Yao et al.

may be further explained by the comparison of our microarray
data to themore sensitive RNA-seqmethod that can detect lower
levels of gene expression and dysregulation (e.g., in the case of
ZSCAN4 and MBD3L2).

Validation of FSHD1 Microarray Target Genes

To confirm the FSHD1microarray data,weperformedRT-qPCRon
myotubes derived from two FSHD1 hESC lines (GENEA049 and
GENEA050) and compared them against two unaffected control
lines (GENEA015 and GENEA019). We focused on the 4q35 locus
genes ANT1 and PDLIM3, DUX4 target PITX1, and genes repre-
sentative of three biological functions and signaling pathways
identified by IPA: GSTT1, Notch1, Dll1, and MSTN. Using only
independent cDNAs not subjected to the microarray experi-
ments, we validated seven sets of microarray-determined
FSHD1-associated differences in gene expression. As shown
in Figure 4A, all genes tested by RT-qPCR showed reproducible
upregulation and downregulation consistent with themicroarray
findings.

Because several genes involved in oxidative stress response
were dysregulated in our model, we performed a ROS detection
assayonhealthy andFSHD1myotubesusing a specific fluorogenic
probe (Materials and Methods). Under the same imaging condi-
tions, we detected a higher level of endogenous ROS in FSHD1
myotubes (27%–40% fluorescence-positive cells) than in control
cells (16%–18%;Fig. 4B) that couldbecorrelatedwith the increase
of ROS detoxification enzymes GSTT1 and CAT and is consistent
with the higher level of oxidative stress observed in skeletal mus-
cles of FSHD patients [49]. The specificity of the staining was con-
firmed by the increased number of fluorescence-positive cells
observed in both healthy and FSHD1 myotubes after 30 min-
utes of exposure to 25 mM pyocyanin (supplemental online
Fig. 7A).

To investigate thebiological relevanceof theFSHD-associated
dysregulation of cell-cycle genes observed on the microarray,
we performed a cell proliferation assay onmyotube cultures, us-
ing EdU staining. As shown in Figure 4C and supplemental online
Figure 7B, only 3%–6% of cells stained positive for EdU in non-
affected and BMD control myotube cultures. However, FSHD
myotube cultures presented a higher number of proliferating
cells, with 10%–12% EdU-positive nuclei. Although DUX4 siRNA
knockdown had no effect on cell proliferation in unaffected
SkMC, the number of proliferating cells was reduced in FSHD1-
SkMCs transfected with siDUX4 (supplemental online Fig. 7C),
demonstrating a correlation between DUX4 expression level
and cell proliferation in the FSHD1 lines. This result is consistent
with increased expression of Notch signaling components (Notch1
and DLL1) observed in FSHD1-SkMCs (Table 1) and suggests
the dysregulation of cell proliferation as an early phenotype
in FSHD.

In order to identify the nature of the proliferative cells inmyo-
tube cultures, we investigated the identity of the unfused cells in
culture at d26. Because myotubes are usually surrounded by un-
differentiated myogenic cells in culture, we analyzed the expres-
sion of the early myogenic markers PAX3, PAX 7, and MYOD1 in
two controls and two FSHD1 lines. Results showed that in unaf-
fected cell lines, 15% of the nuclei were MYOD1+, whereas
5%–20% were PAX3+ and only 4%–10% were PAX7+. In FSHD1
myotube cultures, 27%–35% of the nuclei were MYOD1+,
whereas only 8% were PAX3+ and 5%–7% were PAX7+ (Fig. 4D,

Table 2. FSHD candidate gene expression

Gene Fold change, log 2 scale p value (t test)

4q35 genes

SLC25A4 (ANT1) 0.7916 .0192

PDLIM3 (ALP) 1.1747 .0019

FRG1 NOCHG

FRG2 NOCHG

LRP2BP (ANKRD37) NOCHG

Dux4 targets

PITX1 22.0311 .0043

CRYM NOCHG

LEUTX NOCHG

PRAMEF2 NOCHG

TRIM43 NOCHG

KHDC1L NOCHG

ZSCAN4 ND

MBD3L2 ND

Abbreviations: ALP, actinin-associated LIM protein; ANKRD37, ankyrin
repeat domain 37; ANT1, adenine nucleotide translocator 1; CRYM,
crystallin mu; Dux4, double homeobox 4; FRG1, facioscapulohumeral
muscular dystrophy region gene 1; FSHD, facioscapulohumeral
muscular dystrophy; KHDC1L, KH homology domain containing 1-like;
LEUTX, leucine twenty homeobox; LRP2BP, LRP2 binding protein;
MBD3L2, methyl-CpG binding domain protein 3-like 2; ND, not
determined;NOCHG, no change; PDLIM3, PDZ and LIMdomain 3; PITX1,
paired-like homeodomain transcription factor 1; PRAMEF2, PRAME
familymember 2; SLC25A4, solute carrier family 25member 4; TRIM43,
tripartite motif containing 43; ZSCAN4, zinc finger and SCAN
domain-containing protein 4.
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Figure 4. Validation of microarray. (A): qPCR analysis of seven FSHD1-deregulated genes identified by the microarray in two unaffected and
two FSHD myotubes. Ct values for PDLIM3, ANT1, PITX1, GSTT1, Notch1, Dll1, andMSTN expression were normalized to Ct values for the ref-
erence gene GAPDH. (B): Endogenous ROS levels in hESC myotubes from two unaffected and two FSHD1 cell lines. Myotubes were incubated
with CellRox Green reagent for 30 minutes. Under identical imaging conditions, green fluorescence was increased in FSHD1 myotubes as con-
firmed by quantification of the staining (right). Values represent the number of fluorescent cells in culture, and data correspond to the mean
values6 SEM. Statistical analysiswas performed between themean values of three independent replicates. ppp,p, .001. Scale bars = 100mm.
(C):Cell proliferation assay in hESC-derived skeletalmuscle cells (SkMCs).Quantitative analysis of EdU-positive cells inmyotube cultures derived
fromthreeunaffected, three FSHD1, andoneBMD-affectedhESC lines.Diagramrepresentsmeanvalues6 SEMof threeexperiments. Statistical
analysiswas performedbetween themean values of three independent replicates. pp,p, .01. Immunofluorescence images of EdU staining are

(Figure legend continues on next page.)
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4F). These results show that, although differentiation efficiency is
similar in all cell lines (65%–70% MHC+ nuclei), the number of
MYOD1-expressing cells is increased in FSHD1 myotube cultures
and correlates with the FSHD1-specific upregulation of MYOD1
mRNA detected in our microarray analysis (Table 1). PAX3 and
PAX7 were exclusively detected in the nuclei of mononucleated
unfused cells (Fig. 4D). However, as indicated by the white arrow
in Figure 4D, a small proportion of MYOD1+ nuclei were found
withinmyotubes and are not exclusive to theunfused population.
To identify and determine the proportion of proliferating cells in
each population (MYOD1+, PAX3+, and PAX7+), we performed
coimmunostaining with a Ki67 antibody. As expected, Ki67+ nu-
clei were only detected in unfused cells, and not in MHC+ myo-
tubes (Fig. 4E). The number of Ki67+ cells was increased in
the two FSHD1 myotube cultures, with 3%–6% of the cells being
proliferative in control lines versus 11%–13% in FSHD1 lines, con-
firming the EdU results (Fig. 4G). Quantification of the coimmu-
nostaining revealed that in healthy lines, 5% of MYOD1+ cells,
2%–5% of PAX3+, and 2%–5% of PAX7+ cells were Ki67+, indicat-
ing that only a small proportion of themyogenic undifferentiated
cells were proliferating. In FSHD1-myotube cultures, the percent-
ages of Ki67+ cells were increased to 10%–12% for MYOD1+, 7%
for PAX3+, and 10%–13% for PAX7+ cells, demonstrating an in-
crease of proliferation in each population of unfused cells (Fig.
4H; supplemental online Fig. 7D). A fraction of proliferative cells
remains unidentified in our study, but they are in all likelihood
myogenic cells at an intermediate stage and expressingmyogenic
markers that we have not tested.

FSHD-hiPSC-SkMCs Share Similar Phenotypes
With FSHD-hESC-SkMCs

Induced pluripotent stem cells represent an alternative patient-
specific source of SkMCs that share common characteristics with
hESCs andmay be exploited for clinical applications.We assessed
whether three independent patient-specific iPSC lines, including
one control (HFF) and two affected with FSHD1 (FSHD-43.1 and
FSHD-83.6) [30], could be differentiated into SkMCs using
our established skeletal muscle differentiation protocol. As for
hESC lines, there is no familial relationship between the control
and the disease lines. Details of the hiPSC lines are presented
supplemental online Table 1. Cells were exposed to the series
of skeletal muscle media as described in Materials and Methods.
After 26 days of differentiation, we found 40%–60%MF20+, Dys-
trophin+, and SkMHC+ multinucleated myotubes in differenti-
ated cultures derived from the three hiPSC lines (Fig. 5A). As in
hESC, FSHD-hiPSCs differentiated into SkMCs with the same effi-
ciency as theunaffected control line (Fig. 5A), andFSHDmyotubes
exclusively expressed DUX4, ZSCAN4, and MBD3L2 mRNAs
(supplemental online Fig. 8A). The two 4q35 genes ANT1 and ALP
were also upregulated in FSHD1-hiPSC myotubes (supplemental

online Fig. 8B). In order to characterize the FSHD-hiPSC-derived
SkMCs and determine whether they exhibit the same FSHD-specific
changes as FSHD-hESC-derived SkMCs, we performed a detailed
analysis of hiPSC myotube morphology, as described above. As
observed in hESCs, FSHD-hiPSC myotubes were thinner than un-
affected myotubes, with smaller average, median, and maximal
diameters (Fig. 5B). Our data showed that 8%–12% of FSHD-
hiPSC myotubes appeared thin (,5 mm), compared with only
4% of control myotubes (Fig. 5C). FSHD-hiPSC myotubes were
also shorter than unaffected ones, with an average length of
415–421 mm versus 566 mm, respectively (Fig. 5D), and showed a
smaller numberof nuclei permyotube (Fig. 5E). Results of individual
experiments are also shown in supplemental online Figure 7C.
Lastly, to assess the cell-cycle dysregulation in FSHD-hiPSC lines,
we performed a cell proliferation assay on hiPSC-SkMCs. As ob-
served in hESCs, EdU staining revealed a higher number of pro-
liferating cells in FSHD-hiPSC-SkMCs (18%) than unaffected
hiPSC-SkMCs (8%) (Fig. 5F, 5G). Together, these results show that
hiPSCs can be efficiently differentiated into SkMCs by using our
monolayer culture system. Reassuringly, FSHD-hiPSC-SkMCs also
share similar disease-specific phenotypes with FSHD-hESC-SkMCs.

DISCUSSION

In the last decade, there has been remarkable progress in the field
of hPSC research. Their unlimited self-renewal anddifferentiation
capacity has brought considerable attention and opportunities to
use hPSCs as a cellular source for regenerative medicine, disease
modeling, and drug screening platforms. Although patient-
specific hiPSCs have been prepared from FSHD patients, skeletal
muscle differentiation has not been reported [30]. Although
disease-specific iPSCs and hESCs should have very similar proper-
ties, a recent publication indicates that hESCs are superior to
hiPSCs and represent the “gold standard” [50]. Furthermore,
FSHD is modulated by epigenetic changes. It is not clear yet
whether FSHD-related epigenetic signatures are effectively
erased during cellular reprogramming and how that might affect
disease phenotypes during development. Therefore, hESCs seem
abetter choice tomodel FSHDand should at least beused side-by-
side with hiPSCs. Here we report a hESC-based cellular model for
FSHD.We show, for the first time, that SkMCs derived fromFSHD-
affectedhESCsundergo changes reflective of FSHDpathology and
therefore constitute useful tools in both basic research and novel
drug discovery. We further demonstrate similar disease-specific
phenotypes in two FSHD-affected hiPSC lines.

Although some insights into FSHD have been generated in
murinemodels, it is becoming increasingly clear that there are im-
portant differences between the two species in regard to princi-
ples and pathways of myogenesis, and that no mouse model
accurately reflects the human condition [14]. The development

(Figure legend continued from previous page.)
presented in supplemental online Figure 6B. (D): Immunofluorescent images of MYOD1, PAX3, and PAX7 staining in hESC-myotube cultures.
Scale bars = 100mm. (E): Immunofluorescent image of Ki67 staining in hESC-myotube cultures. Scale bar = 100mm. (F):Quantitative analysis of
MYOD1-, PAX3-, andPAX7-positivenuclei over the total numberofnuclei. (G):Quantitative analysis of Ki67-positive nuclei over the total number
of nuclei. Statistical analysis was performed between themean values of three independent replicates. ppp, p, .001. (H):Quantitative analysis
of Ki67+ nuclei over the total number of MYOD1+, PAX3+, or PAX7+ nuclei. Diagrams represent mean values 6 SEM. Abbreviations: ANT1,
adenine nucleotide translocator 1; BMD, Becker muscular dystrophy; Dll1, delta-like homolog 1; EDU, 5-ethynyl-29-deoxyuridine; FSHD1, facio-
scapulohumeral muscular dystrophy 1; GSTT1, glutathione S-transferase u1; hESC, human embryonic stem cell; MHC, myosin heavy chain;
MSTN, myostatin; MyoD1, myogenic differentiation 1; PDLIM3, PDZ and LIM domain 3; PITX1, paired-like homeodomain transcription factor
1; ROS, reactive oxygen species.
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Figure 5. Differentiation of FSHD1-human induced pluripotent stem cells (hiPSCs) into skeletal muscle cells (SkMCs). (A): Bright field and im-
munofluorescence images of hiPSC myotubes stained with MF20, dystrophin, and SkMHC antibodies at day 26 (d26) of skeletal muscle differ-
entiation. Scale bars = 100mm. The graph represents the quantitative analysis of the immunostaining and shows themarker positive cells as the
percentage of total cells. Diagram represents themean6 SEM of three independent experiments. (B–E): hiPSC-myotubemorphology analysis.
SkMCs derived from one unaffected and two FSHD1 hiPSC lines were stained with MF20 antibody, and myotubes were analyzed for their av-
erage,median, andmaximal diameters (mm) (B). Diagrams represent themeanvalues of three pooled experiments699%confidence. (C):Ratio
of atrophic (,5mm) versus total myotubes in hiPSC-SkMCs. The graph represents the mean6 SEM of three independent experiments. (D, E):
Graphs showing the length of hiPSC myotubes (D) and the number of nuclei/myotubes in the three cell lines (E). Diagrams represent the mean
values of three pooled experiments699%confidence. Statistical analysiswas performedbetween themean values of each experiments to take
into account the three experimental replicates. pp, p, .01; ppp, p, .001. (F): Immunofluorescence images of EdU staining inmyotube cultures
derived from one unaffected and FSHD1-affected hiPSC line. Scale bars = 100mm. (G):Quantitative analysis of EdU-positive cells. Diagram rep-
resentsmean values6 SEMof three experiments. Abbreviations: BF, bright field; EdU, 5-ethynyl-29-deoxyuridine; FSHD1, facioscapulohumeral
muscular dystrophy 1; HFF, control cell line HFF; SkMHC, skeletal myosin heavy chain.
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of a human stemcellmodel offers a newapproach for the primary
studyof FSHDandhumanmuscular disorders in general and could
have an important impact on the development of new therapies.
Efforts to generate human cellularmodels for FSHDhave suffered
from an absence of a renewable source of SkMCs and an inability
to generate SkMCs in vitro. Although a number of protocols are
now available for the generation of SkMCs from hPSCs, most of
these methods involve an intermediate stage of a 3D embryoid
bodyor sphere formation [22–24] and/or cell sorting [25], twoap-
proaches that are labor-intensive and offer limited scalability. Al-
though each of thesemethods represents a significant advance in
the field, none are easily scalable to the extent required for dis-
ease modeling, high-throughput screening, or cell therapy. Here
we report a simple, but highly efficient, three-step process for the
differentiation of hPSCs into mature SkMCs. One major advan-
tage of our monolayer system is that a large quantity of SkMCs
canbepreparedwithout additionalmanipulations, such as forced
expression of myogenic genes or cell sorting. Because they are
highly proliferative, myogenic progenitors and myoblasts can
be expanded on a large scale through commonly used passaging
methods and provide a large amount of differentiatedmyotubes.
The simplicity and high efficiency of ourmethod lends itself to au-
tomation and large-scale production. We typically produce more
than 75million SkMCs, starting from 63 104 hPSCs, demonstrat-
ing the efficiency and scalability of our system. Skerjanc and col-
leagues first published an embryoid body (EB)-based protocol
that demonstrated the capacity of hESCs to differentiate into
SkMCs in vitro, but resulted in a poor myogenic induction and
low numbers of myogenic precursors (7%) and SkMCs (4%)
[24]. A promising chemically defined monolayer approach was
later reported by Borchin et al., but still produced a low yield
of myogenic cells and required the purification of PAX3+/PAX7+
myogenic precursors (18%) or AchR+ myocytes (8%) from a het-
erogeneous cell population [25]. As an alternative to EB forma-
tion, Hosoyama et al. presented a new suspension-culture
technique, called “EZ sphere,” to direct skeletal myogenesis in
hESCs. Although this technique improved themyogenic induction
and differentiation (30% MHC+ cells after 8 weeks), it also re-
sulted in amixedpopulation ofmyogenic (20%) andneuronal pre-
cursors (30%) in the EZ sphere [23]. A different method was
established by Maffioletti et al. for the derivation and inducible
differentiation of myogenic cells from hPSCs. Despite its high ef-
ficiency (up to 90%MHC+ cells), this lengthy protocol requires the
use of an integrating lentiviral vector encoding for MyoD1 to in-
duce myogenic differentiation, which represents a major limita-
tion for SkM production [21]. Recently, Shelton et al. reported
a scalable protocol that generates 50% SkMCs without EB forma-
tion, cell sorting, or genetic manipulations. Nonetheless, myo-
tubes appear only after 50 days of differentiation [28, 29],s
whereas mature myotubes are formed within less than 26 days
in our system. Besides, it is not clear whether this method is
adaptable to all hPSCs because others have failed to reproduce
their results usinghiPSCs [27].Whilewewerepreparing this study
for publication, a monolayer and serum-free skeletal muscle dif-
ferentiation protocol formouse and human PSCwas published by
Chal et al. [27]. Although their method seems highly efficient in
terms of percentage of muscle fibers produced, it is not scalable
because a yield of only 50,000–70,000 SkMCs can be obtained
from seeding 75,000 hPSCs. At present, we can only speculate
on the reasons for this because the twomethods share some sim-
ilarities. However, we do find the use of Dulbecco’s modified

Eagle’s medium with knockout serum replacement (as used by
Chal et al.) to be antagonistic to high yields of SkMCs in our pro-
tocol (unpublished data). Furthermore, the authors report differ-
entiation to human myotubes from only three iPSC lines [27]. In
contrast, we and other groups have successfully differentiated
more than 20 hPSC lines using our method. The relatively short
time of our skeletal muscle differentiation process and its high
yield of SkMC production represent a significant advance in the
field. Furthermore, our system is robust, applicable to a variety
ofhESCs andhiPSCs. It is highly reproducible,with small variability
between cell lines and experiments, as demonstrated by the con-
sistency ofmarker expression andmicroarray results. Our skeletal
muscle differentiation protocol is therefore suitable for high-
throughput screening and drug development.

Using our system, we have developed a cellular model for
FSHD and show, for the first time, disease-specific phenotypes
in hPSC-SkMCs affectedwith FSHD.Many studies have addressed
the dysregulation of 4q35 genes, proximally located to the D4Z4
region, with inconclusive results. In our study, three of the 4q35
FSHD locus genes (DUX4, ANT1, and PDLIM3) were dysregulated.
Interestingly, upregulation of PDLIM3was observed in fetal FSHD
biopsies [51], but no noticeable changes were reported in adults
[52, 53], correlating with the embryonic nature of our model.
Consistent with other studies [42, 44, 52], no significant elevation
of FRG1, FRG2, and LRP2BP expression was detected in FSHD
myotubes. However, we cannot exclude low levels of dysregula-
tion that are beyond the sensitivity of our microarrays. Also,
we cannot exclude the possibility that some of the 4q35 genes
(i.e., FRG1) may be transiently dysregulated during intermediate
steps of the differentiation process that we have not tested [54].

It has been previously claimed that in FSHD muscles, DUX4
initiates a gene dysregulation cascade, causing muscle atrophy
and oxidative stress [38, 39], and in some cases, differentiation
defects [52]. In our FSHD model, despite a clear reduction of
MYOD1-expressing cells at the myoblast stage, we did not ob-
serve any differentiation defect, but noticed an alteration of
the fusion process, resulting in shorter myotubes and a smaller
number of nuclei per myotube. We confirmed FSHD-specific
DUX4 expression, thinner myotubes, and dysregulation of genes
related to oxidative stress response, three key FSHD features. A
higher level of endogenous ROSwas also detected in FSHD1myo-
tubes, supporting the idea that oxidative stress causedbyROS im-
balancemight play a role in FSHDpathophysiologicalmechanisms
[34, 49, 55]. Although we did not detect any significant cell pro-
liferation changes during the FSHD1-hESCdifferentiationprocess,
we did find a higher number of proliferative cells in FSHD1-hESC
myotube cultures. This finding appear to be in contradiction with
the blockage of cell cycle progression observed in FSHD1 pa-
tient myoblasts [40]. The different cellular models (adult vs. em-
bryonic) and/ormyogenic stages (myoblasts vs.myotubes) tested
could explain this discrepancy. Nonetheless, our study supports
the growing idea of cell cycle dysregulation in FSHD1 [40, 56].
Also, the lower number of MYOD1+ cells at the myoblast stage
followed by the higher number of MYOD+ cells observed at a
later stage in FSHD1-myotube cultures could suggest a slight
delay in thedifferentiationprocess of FSHD1-hESCs. This hypoth-
esis should be investigated in future studies. Lastly, in a recent
publication, Banerji et al. identifiedWnt signaling, via b-catenin,
as one of the key pathways disturbed in FSH, as well as actin cy-
toskeleton signaling and ROS. Our study revealed the same im-
portant pathways, although a direct side-by-side comparison of
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the data is not possible because of the different methodology
[57]. Together, our results recapitulate some of the previously
reported defects of FSHD1 and could provide new insights into
the early events of the disease.

Wenoted similar effects in our three FSHDhESC lines and two
hiPSC lines, although GEN096 showed a milder phenotype. The
five FSHD-hPSC lines reported here have low D4Z4 copy number
(5–6 repeats). It has been suggested that patients with high copy
number (7–10 repeats) show much greater clinical variability in
severity of phenotype. It would be interesting to see whether cell
lineswith higherD4Z4 copynumberdisplay a greater variability of
phenotypes.Unfortunately, such cell lineswerenot available and,
toour knowledge, havenot been reported in the literature.More-
over, an isogenic correction of one of the FSHD-hPSC lines would
be thebest control todemonstrate the correlationbetweenDUX4
expression and morphological changes in FSHD myotubes. How-
ever, in the case of FSHD, gene editing tomodulate the number of
D4Z4 repeatswould bedifficult because of the presence of repeat
sequences in theD4Z4 array chromosome4 and its duplication on
chromosome 10.

CONCLUSION

We have developed an efficient and robust monolayer culture
system that enables the scalable production of skeletal muscle
cells from hPSCs in a reasonable time frame and without genetic
manipulation. This method, when combined with our bank of
disease-affected hESC lines (http://www.geneastemcells.com.au),
allows us to produce disease-specific human SkMCs with broad ap-
plications in modeling muscular diseases. Using this strategy, we
have demonstrated, for the first time, FSHD-specific molecular
and morphological phenotypes in hPSC-derived SkMCs. Those
data are the basis for the development of high-content pheno-
typic assays and promise great potential for cell-based drug
screening. This unique cellular model will be a useful resource

for FSHD research, help to better understand the disease
mechanism, and ultimately assist in the development of effec-
tive treatments.
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