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Abstract

Facioscapulohumeral muscular dystrophy (FSHD) is a progressive muscle disorder linked to a contraction of the D4Z4 repeat
array in the 4q35 subtelomeric region. This deletion induces epigenetic modifications that affect the expression of several
genes located in the vicinity. In each D4Z4 element, we identified the double homeobox 4 (DUX4) gene. DUX4 expresses a
transcription factor that plays a major role in the development of FSHD through the initiation of a large gene dysregulation
cascade that causes myogenic differentiation defects, atrophy and reduced response to oxidative stress. Because miRNAs
variably affect mRNA expression, proteomic approaches are required to define the dysregulated pathways in FSHD. In this
study, we optimized a differential isotope protein labeling (ICPL) method combined with shotgun proteomic analysis using
a gel-free system (2DLC-MS/MS) to study FSHD myotubes. Primary CD56+ FSHD myoblasts were found to fuse into
myotubes presenting various proportions of an atrophic or a disorganized phenotype. To better understand the FSHD
myogenic defect, our improved proteomic procedure was used to compare predominantly atrophic or disorganized
myotubes to the same matching healthy control. FSHD atrophic myotubes presented decreased structural and contractile
muscle components. This phenotype suggests the occurrence of atrophy-associated proteolysis that likely results from the
DUX4-mediated gene dysregulation cascade. The skeletal muscle myosin isoforms were decreased while non-muscle
myosin complexes were more abundant. In FSHD disorganized myotubes, myosin isoforms were not reduced, and increased
proteins were mostly involved in microtubule network organization and myofibrillar remodeling. A common feature of both
FSHD myotube phenotypes was the disturbance of several caveolar proteins, such as PTRF and MURC. Taken together, our
data suggest changes in trafficking and in the membrane microdomains of FSHD myotubes. Finally, the adjustment of a
nuclear fractionation compatible with mass spectrometry allowed us to highlight alterations of proteins involved in mRNA
processing and stability.
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD1A: OMIM

#158900) is one of the most frequently occurring hereditary

muscle disorders. It affects 1/17,000 births and is characterized by

progressive muscle weakness, beginning with facial muscles and

the shoulder girdle, followed by the pelvic girdle and the muscles

of the lower extremities.

FSHD is associated with contractions of the D4Z4 repeat

array in the 4q35 subtelomeric region. In non-affected

individuals, this array is comprised of 11–100 tandem copies

of the 3.3-kb D4Z4 element, whereas patients with FSHD only

have 1–10 D4Z4 copies [1,2]. The molecular mechanism

underlying FSHD is not completely clear, but it is commonly

accepted that this deletion induces a chromatin remodeling

event that could change the expression of several genes in the

vicinity of this locus (reviewed in [3]). Normally, the DNA of

the D4Z4 repeat is densely methylated, but in patients with

FSHD, hypomethylation has been observed at specific sites in

D4Z4 [4]. In healthy myoblasts, a nuclear matrix attachment

site (S/MAR) was found upstream of the repeated elements,

which suggests that D4Z4 and the upstream genes reside in two

chromatin loops. This site is weakened in FSHD myoblasts, thus

enabling D4Z4 and the upstream genes to locate into a single

loop and allowing cis-regulation [5]. A recent study indicated
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that Polycomb group proteins induced chromatin repression on

large D4Z4 arrays in healthy cells, whereas a long non-coding

RNA expressed from the contracted locus recruited the

Trithorax group protein Ash1L and promoted histone H3

lysine 36 dimethylation and chromatin opening [6]. Several

FSHD candidate genes located centromeric of D4Z4 have been

proposed, including ANT1 (adenine nucleotide translocator

1 gene) [7], FRG1 (FSHD-related gene 1) [8], FRG2 [9] and

DUX4c (double homeobox 4 centromeric) [10].

The D4Z4 units contain an open reading frame (ORF) with a

double homeobox sequence [1] in which we mapped a

functional promoter [11], thus defining the DUX4 gene. This

gene has long been referred to as junk DNA, but recent

advances have demonstrated its major role in the development

of FSHD. Indeed, we have shown that a stable full-length

DUX4 transcript (DUX4-fl) is produced from the last D4Z4 unit

in FSHD that further extends to a polyadenylation signal in the

flanking pLAM region [12]. These findings were confirmed by a

study of genetic polymorphisms in hundreds of patients and

thousands of non-affected individuals. Stabilization of the DUX4

mRNA using this polyadenylation site was found to be

necessary for the development of FSHD on a contracted

D4Z4 repeat array [13]. The presence of DUX4-fl mRNA in

FSHD muscle cells was confirmed in other studies [14,15], and

a model of incomplete DUX4 silencing during development has

been proposed for FSHD [15]. The causal role of DUX4

expression also holds for patients with FSHD1B (OMIM

#158901) in which chromatin opening at D4Z4 is not

associated with repeat array contraction [13]. DUX4 overex-

pression is toxic in cell culture [16,17] and in mouse muscles

in vivo, where DUX4 causes a TP53-dependent myopathy that

requires the DUX4 DNA binding domain [18]. The DUX4

protein is a transcription factor that is expressed at a very low

level in primary FSHD myoblasts [12,15]. DUX4 targets a large

set of genes, some of which encode other transcription factors

such as PITX1 [12]. DUX4 overexpression in mouse C2C12

myoblasts recapitulates key features of the FSHD molecular

phenotype, including the repression of MyoD and its target

genes, thus leading to diminished myogenic differentiation and

the repression of glutathione oxido-reduction pathway compo-

nents, which consequently results in increased sensitivity to

oxidative stress [17]. In human myoblasts, DUX4 overexpres-

sion directly targets genes associated with germline and early

stem cell development and activates retroelements. It could

influence immune responses and muscle differentiation through

the induction of the defensin DEFB103 [19]. Additionally,

DUX4 activates E3 ubiquitin ligases [19,20] such as atrogin-1

and MURF1, thus leading to the formation of atrophic

myotubes in FSHD [20].

Understanding the pathological cascade leading to FSHD

requires the use of transcriptomic and proteomic analyses to

identify the molecular dysregulation associated with the disease.

Several studies have investigated gene and/or protein expression

in FSHD muscle biopsies [12,21–25] (Table S1). These studies

have collectively highlighted defects in mitochondrial metabo-

lism, the oxidative stress response and myogenic differentiation.

Because degeneration, regeneration and inflammation occur in

FSHD skeletal muscles, the use of isolated myoblasts to study

early disease-related changes should be more informative than

the use of muscle biopsies [26]. Moreover, previous studies have

shown that dysregulated genes identified in primary myoblast

cultures reflected actual changes that occur in muscle fibers. For

the present study, we selected a cellular model that was

comprehensively characterized by Barro et al. [27]. This group

has established a panel of CD56+ FSHD primary myoblasts and

matched healthy individuals. Under optimized culture condi-

tions without dexamethasone or insulin, the CD56+ FSHD

primary myoblasts fused and differentiated into myotubes with

morphological abnormalities, i.e., thin hypomorphous (atrophic)

myotubes or disorganized myotubes with random nuclei

distribution. Both phenotypes were found in different propor-

tions in the myotube cultures derived from individual patients

with FSHD. Although a myogenic program dysfunction has

been previously described in FSHD [22,26], the molecular basis

for the formation of these two myotube types is not known;

thus, we wanted to conduct studies to address this knowledge

gap. Two transcriptomic studies were previously performed on

control and FSHD myotubes [26,28]. Because it was previously

suggested that miRNAs may contribute to the dysregulation in

FSHD [26,29], the present study focused on the FSHD

myotube proteome rather than its transcriptome to better

characterize the defect in myogenic differentiation and the

emergence of two distinct myotube phenotypes. We thus

optimized a method that incorporates differential isotope protein

labeling (ICPL) and shotgun proteomic analysis (2DLC-MS/

MS: two-dimensional liquid chromatography coupled to tandem

mass spectrometry) and studied FSHD myotubes obtained by

primary myoblast differentiation using the method established

by Barro et al. [27]. The optimization of a nuclear enrichment

protocol allowed us to detect and efficiently quantify low-

abundance proteins in myotubes where cytoskeletal proteins

constitute the major protein class. This optimized approach has

enabled us to better define the molecular differences between

FSHD and control myotubes, as well as between atrophic and

disorganized FSHD myotubes.

Results

Cell Samples and Analysis Optimization
In the present study, we compared human primary myotubes

derived from FSHD muscle and matching healthy control

myotubes [27] (Table S2). The myoblasts were propagated

without dexamethasone (see Material and Methods) and differen-

tiation was induced upon confluence by decreasing the concen-

tration of fetal bovine serum to 2% for 4 days. These conditions

were previously shown to cause DUX4 induction [30].

The procedure for protein extraction, trypsinolysis, tryptic

peptide labeling (ICPL: Isotope Coded Protein Labeling), gel-

free separation and identification by mass spectrometry (2DLC-

MS/MS) was improved at different levels and resulted in an

increased number of identified and quantified myotube proteins

(Fig. 1). Protein quantification was based on the ICPL

methodology, which consisted of labeling protein or peptide

free amino groups (N-terminal and lysines) with amine-specific

reagents containing different stable isotopes. In the present

study, FSHD proteins were labeled with the heavy ICPL tag (H)

and control proteins were labeled with the light ICPL tag (L).

Relative peptide quantification (fold change) was determined

from the H/L intensity ratio, and the data were manually

validated.

The preliminary experiments that were performed during the

optimization steps are reported in Table S2B. In the first

experiment (analysis #P1, Table S5), only 146 proteins were

identified, and 61 proteins were quantified. Most of the proteins

were ribonucleoproteins and cytoskeletal proteins. Despite a

limited number of quantified proteins, the few observed changes

reflected FSHD characteristics (Fig. 1). Proteins with decreased

relative abundance were associated with the cytoskeleton (i.e.,

Proteomes of FSHD Myotubes
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MYH2, MYH8, CAP2, transgelin and filamin C), which is

indicative of perturbed myogenic differentiation [22,26]. Three

proteins had an H/L ratio higher than 1.5 in FSHD myotubes: the

extra-cellular matrix protein fibronectin, the caveolar protein

PTRF and the intermediate filament vimentin, as previously

described in [31].

Atrophic and Disorganized Myotubes: A Comparative
Proteomic Analysis

After optimization of the procedure (Texts S1–3), we

compared the proteomes of predominantly atrophic (aFSHD3)

myotubes with those of disorganized (dFSHD12) myotubes. The

aFSHD3 and dFSHD12 myoblasts were derived from the non-

Figure 1. Workflow of the global procedure for protein extraction, labeling and proteomics. FSHD and control primary myoblasts were
grown as described (materials and methods) and differentiated into myotubes. Total extracts (TE) and a fraction enriched in nuclear proteins (NE)
were analyzed. FSHD and control proteins were submitted to ICPL (Isotope Coded Protein Labeling) before (regular) or after (post-digest) enzymatic
digestion with trypsin. FSHD and control samples were labeled with the heavy (H in red) or light (L in grey) ICPL tag, respectively. Equal amounts of
FSHD and control labeled peptides were mixed and separated using two-dimensional liquid chromatography (2DLC) using SCX (cation exchange)
and RP (reverse phase) columns. Two SCX columns were tested to improve the resolution. The peptides were then analyzed online by MS/MS. The H/
L relative peptide quantification ratios were calculated based on the intensities of the peaks in the MS spectra (graph on the right panel). The data
were systematically controlled manually, and the quantification data for 3 dysregulated proteins was validated by Western blot. The localizations of
these proteins were verified using immunofluorescence. Data interpretation and determination of biological significance in the FSHD context were
evaluated using different bioinformatics tools (David database, IPA: Ingenuity Pathway Analysis, Kegg pathway, UniProtKB). The bottom panel
represents the fold change distribution of the quantified proteins in preliminary analysis #P1, using regular ICPL and 2DLC-MS/MS on TE of FSHD
myotubes from non-affected quadriceps (FSHD8) and a matching control (CTL7), 6 days after differentiation. These cells were previously described in
[27], and information relative to these patients is described in Table S2. Upregulated and downregulated proteins are circled in red or green,
respectively. The most-represented functional categories were determined from the David database (Functional Annotation Charts and Clustering)
using Gene Ontology (GOTERM_CC_FAT: Cellular Component, GOTERM_BP_FAT: Biological Process, GOTERM_MF_FAT: Molecular Function). GO
annotation and accession numbers are indicated. The p-value is equivalent to the EASE score, which uses a conservative adjustment of Fisher’s exact
probability and was applied to identify significantly enriched gene categories.
doi:10.1371/journal.pone.0051865.g001
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affected quadriceps of two women with FSHD who had 7 D4Z4

units and were of similar age. Both myotube types were compared

in two pairs with the same matching control (CTL12, Fig. 2A).

For each sample, total extracts (#aFSHD3_TE and

#dFSHD12_TE) and a fraction enriched in nuclear proteins

(hereafter referred to as ‘‘nuclear extract’’) (#aFSHD3_NE and

#dFSHD12_NE) were analyzed (Table S7–10). In addition, to

evaluate inter-control protein variations, CTL12 was compared to

the myotube total extract from another healthy individual

(#CTL7_TE; Table S11).

The analysis of aFSHD3 and dFSHD12 myotubes allowed the

identification of 503 non-redundant proteins, among which 336

were quantified. The Venn diagram in Fig. 2B represents the

quantified proteins in individual runs. Nuclear enrichment

enhanced the detection of nuclear proteins and increased the

total number of quantified proteins by reducing the number of

cytoskeletal proteins (Text S2, Table S6 and Fig. S1). However,

some cytoskeletal proteins were still detectable in the nuclear

fraction because of their abundance, their interaction with nucleus

components or because of a secondary function in the nucleus, as

described for actin and myosin [32–35].

The fold change distributions from each analysis are represent-

ed in Fig 2C-D. The most dysregulated proteins, as well as

proteins that are representative of the most dysregulated categories

(DAVID Functional Annotation Chart, Gene Ontology: go-

term_bp_fat, p,0.05), are indicated using the corresponding

Hugo Gene symbol (Table S3). The upregulated proteins with

H/L ratios above 1.5 are reported in Fig. 3.

The Relative Abundance of Structural Muscle
Components is Strongly Decreased in Atrophic Myotubes

In aFSHD3 myotubes, 19% and 12% of the quantified proteins

presented decreased or increased abundance relative to the control

myotubes, respectively.

In the total (aFSHD3_TE, Fig. 2C, purple) and nuclear

extracts (aFSHD3_NE, Fig. 2D, purple), the proteins with

Figure 2. Comparison of quantified proteins in atrophic and disorganized FSHD myotubes. (A) Experimental strategy. The proteomes of
predominantly atrophic (aFSHD3) or disorganized (dFSHD12) myotubes were compared in two pairs (arrows) with one matching healthy control
(CTL12) using post-digest ICPL and 2DLC-MS/MS. The number of D4Z4 units, sex and age of the patients are indicated, in addition to the biopsy site.
F: female, Q: quadriceps. In addition, another matching healthy control (CTL7) was compared to CTL12. (B) Venn diagram presenting the number of
quantified proteins in TE and NE of atrophic (aFSHD3) or disorganized (dFSHD12) FSHD myotubes and their degree of overlap. (C) Fold change
distribution of quantified proteins in total extracts of disorganized (blue: dFSHD12_TE) or atrophic myotubes (purple: aFSHD3_TE). (D) Fold change
distribution of quantified proteins in NE of disorganized (blue: dFSHD12_NE) or atrophic myotubes (purple: aFSHD3_NE). The most dysregulated
proteins in each analysis are indicated by the corresponding Hugo Gene symbol. The proteins that are representative of the most dysregulated
categories (DAVID database, Functional Annotation Charts, Gene Ontology: GOTERM_BP_FAT) are also shown.
doi:10.1371/journal.pone.0051865.g002
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decreased relative abundance were mostly muscle structural

components that are involved in contraction, e.g., myosin heavy

chains (MYH8, MYH3, and MYH7), myosin light chains (MYL1

and MYL6B), Titin (TTN) or proteins involved in striated muscle

development (MYLPF: myosin regulatory light chain 2 and

XIRP1: xin actin-binding repeat-containing protein 1). A minor

protein group involved in mRNA splicing was decreased in the

nuclear extracts (YBX: nuclease-sensitive element-binding protein

1; HNRNPR: heterogeneous nuclear ribonucleoprotein R/L; and

RBM14: RNA-binding protein 14).

The proteins with increased relative abundance in the total

extracts (aFSHD3_TE, Fig. 2C, purple) were involved in

cytoskeletal organization (CALD1: caldesmon; THY1: Thy-1

membrane glycoprotein; FLNA: filamin-A; MYH9 and EHD2:

EH domain-containing protein 2) and cell motility (YWHAE: 14-

3-3 protein epsilon; THBS1: thrombospondin-1; FN1: fibronectin;

and MYH9). Some of these proteins are also involved in

angiogenesis and cell adhesion (MYH9, FN1, THBS1, and

THY1). Intriguingly, the serine protease HTRA1 (aFSHD3

myotubes; Fig. 3), was quantified by two peptides with very

different H/L ratios, which likely indicates the presence of two

isoforms (as described [36]), among which only one was increased

in atrophic FSHD myotubes (Fig. S4).

In nuclear extracts (aFSHD3_NE, Fig. 2D, purple), proteins

with increased relative abundance belonged to similar categories:

actin-filament-based processes (MYL9, MYL6, CALD1, FLNA,

MYH9, and LIMA1: LIM domain and actin-binding protein 1)

and cell adhesion (THBS1, HSPG2: basement membrane-specific

heparan sulfate proteoglycan core protein, and MYH9). The

PRKC apoptosis WT1 regulator protein (PAWR) was increased in

the nuclear compartment, which is a location that is associated

with its pro-apoptotic activity. Surprisingly, the relative abundance

of 14-3-3 protein epsilon (YWHAE) was decreased in nuclear

extracts (H/L = 0.69) but increased in total extracts (H/L = 1.69)

(Fig. S3). The 14-3-3 protein family regulates the cell cycle and

apoptosis by controlling the nuclear and cytoplasmic distribution

of the signaling molecules with which they interact. This

observation suggests a dysregulation of the shuttling of 14-3-3e
between the cytoplasm and the nucleus in FSHD myotubes. The

intermediate filament component vimentin, which is the homo-

logue of desmin that is expressed in non-differentiated muscle cells,

did not present a much higher relative abundance in aFSHD3

Figure 3. Proteins with increased abundance in atrophic (aFSHD3) or disorganized (dFSHD12) FSHD myotubes as determined by
post-digest ICPL and 2DLC-MS/MS. AC: UniProt accession number; Hugo Gene symbol; Protein name; H/L: fold change (3: identified protein
without quantification); SD: geometric standard deviation; #: number of peptides used for quantification; *: statistical significance (p,0.05)
determined by Student’s t-test. The considered threshold limit is 1.5. Proteins with an H/L ratio greater than 1.5 are highlighted in red; those with a
ratio greater than 1.3 are in pink and those with a ratio greater than 1.2 are in light pink. Proteins with an H/L ratio less than 0.7 are highlighted in
green and those with an H/L ratio of 0.7 - 0.8 are highlighted in light green. TE: total extract; NE: nuclear extract.
doi:10.1371/journal.pone.0051865.g003
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myotubes (H/L ratio in aFSHD3_TE: 1.21, H/L ratio in

aFSHD3_NE: 1.39); however, a higher H/L ratio (1.90) was

observed in a preliminary analysis (analysis #P1, Fig. 1 and
Text S1).

In summary, atrophic myotubes were mostly characterized by a

decreased relative abundance of contractile muscle components

and an increased relative abundance of proteins with roles in cell

motility and actin cytoskeleton remodeling. Finally, the nuclear

fraction was characterized by a decreased abundance of proteins

involved in RNA splicing.

Disorganized Myotubes Exhibit a Higher Relative
Abundance of Microtubule Network Regulators

In dFSHD12 myotubes, approximately 13% of the quantified

proteins had an H/L ratio lower than 0.8 and 7% had an H/L

ratio higher than 1.3. Globally, as compared to atrophic

myotubes, the changes were moderate and the dysregulated

proteins were involved in various biological processes, with a

maximum of only 4 proteins per functional category (Table S3).

In total extracts, the proteins with the greatest decrease in

relative abundance were the caveolar muscle-related coiled-coil

protein (MURC, H/L: 0.53), the lysosomal protease cathepsin D

(CTSD; H/L: 0.56), lamin-B1 (LMNB1; H/L: 0.57), drebrin

(DBN1; H/L: 0.59) and the histones H2A.J (H2AJF; H/L: 0.59)

and H4 (HIST1H4A; H/L: 0.74*) (dFSHD12_TE, Fig. 2C,
blue). The proteins with increased relative abundance may be

involved in the morphological disorganization. Indeed, they are

mostly involved in cytoskeleton organization and protein complex

assembly/biogenesis, e.g., tubulin a-1A chain (TUBA1A), tubulin

b chain (TUBB), aB-crystallin (CRYAB), the 60-kDa heat shock

protein (HSPD1) and thy-1 membrane glycoprotein (THY1).

Although the TUBA1A quantification was supported by 3

peptides (dFSHD12_TE analysis), it should be mentioned that

one of these peptides presented an H/L ratio of 1.35 in a study

comparing myotubes from two healthy individuals (CTL7 vs.

CTL12) with the same method (analysis #CTL7_TE, Table
S11). Proteins with increased relative abundance are also involved

in other biological processes such as apoptosis, e.g., programmed

cell death 6-interacting protein (PDCD6IP and HSPD1) and

immune response-activating signal transduction (THY1 and

HSPD1). The most upregulated protein is polyadenylate-binding

protein 4 (PABPC4), which is involved in mRNA stabilization and

has an 18-fold up-regulation that was validated by Western blot

(Text S4 and Fig. S2).

The nuclear enrichment allowed us to detect additional

dysregulated categories of proteins (dFSHD12_NE, Fig. 2D,
blue). The proteins with decreased relative abundance were

mostly associated with mRNA splicing, e.g., heterogeneous

nuclear ribonucleoprotein U (HNRNPU), splicing factor 3B

(SF3B2) and splicing factor proline- and glutamine-rich (SFPQ).

Other ones were associated with cytoskeletal organization, i.e.,

PDZ and LIM domain protein 3 (PDLI13). Three of the proteins

with increased relative abundance were structural components of

muscle (ACTC1: actin alpha-cardiac muscle 1; ACTB: beta-actin

and MYL4: myosin light chain 4), and the other ones were

involved in various processes (DNAJB4: heat shock 40 kDa protein

1 homolog; SEC61B: protein transport protein Sec61 subunit beta

and HNRNPA0: heterogeneous nuclear ribonucleoprotein A0).

The most upregulated protein was ZCCHC2 (zinc finger CCHC

domain-containing protein 2), which had a 10-fold increase in

relative abundance in FSHD compared to the control sample.

In summary, disorganized myotubes exhibit globally moderate

and heterogeneous dysregulation. When compared with atrophic

myotubes, myosin isoforms did not have decreased relative

abundance. However, the up-regulated proteins were associated

with the cytoskeleton, particularly with the regulation of the

microtubule network organization. In nuclear extracts, as observed

for atrophic myotubes, proteins with decreased relative abundance

were involved in RNA splicing, which suggests that this

perturbation is a common feature of FSHD myotubes.

Myosin Isoforms are Differentially Expressed in Atrophic
and Disorganized Myotubes

Atrophic myotubes (aFSHD3) are characterized by a drastic

decrease in the relative abundance of structural muscle proteins.

Whereas myosin heavy (MYH) and light (MYL) chains are largely

unchanged in disorganized myotubes (dFSHD12), they present

clear perturbations in aFSHD3 myotubes (Fig. 4, Table S4).
The histogram of the average H/L ratios of all myosin isoform

peptides from aFSHD3 and dFSHD12 myotubes is a mirror image

centered on a H/L value of 1 (Fig. 4A). The H/L ratio,

MASCOT score, number of quantified peptides and standard

deviations are reported in Table S4A, and the functions of each

myosin isoform are summarized in Tables S4B and S4C. In

aFSHD3 myotubes, the skeletal muscle myosin isoforms MYH7,

MYH3 and MYH8 which are typical of fetal development and

muscle regeneration had a significantly lower relative abundance.

MYH2, which is the skeletal muscle isoform IIa of myosin, had the

same trend for decreased relative abundance as the skeletal muscle

regulatory light chain MLRS. In contrast to other myosin

isoforms, the so-called ‘‘non-muscle myosin’’ MYH9 (NMHC-A)

showed increased relative abundance in atrophic FSHD myo-

tubes, as were the MYL6, MYL9 and MYL12B light chains.

Interestingly, preferential interactions were described between

MYL12A, MYL12B and MYL9 and non-myosin heavy chains or

the essential light chain MYL6 [37]. These interactions are crucial

for NMHC integrity. MYH3 and 9 were quantified by 20 and 15

specific peptides, respectively, and the H/L ratio for each peptide

was able to discriminate the myotube phenotype as shown by the

scatter plot in Fig. 4B. As a control, the degree of skeletal myosin

(MYH3, -7, -8 and MLRS) peptide variability among myotubes

from two healthy individuals (CTL7 vs. CTL12) was evaluated

using the same method (analysis #CTL7_TE, Table S11) and

was found to be significantly lower than the degree of variation

between aFSHD3 and CTL12 (analysis #aFSHD3_TE, Fig. 4C).

Taken together, these results indicate a downregulation of myosin

isoforms that are characteristic of skeletal muscle in FSHD

atrophic myotubes and a switch in favor of non-muscle myosin

complexes.

Caveolar Proteins are Dysregulated in FSHD Myotubes
Atrophic and disorganized myotubes both exhibited dysregula-

tion of caveolar proteins (Fig. 5), which comprise a subclass of

lipid membrane microdomains that play a major role in signal

transduction. Cavins, which are critical for caveolae formation and

dynamics [38], were among the most dysregulated proteins.

Indeed, the relative abundance of PTRF (polymerase 1 and

transcript release factor/cavin-1) was increased 2-fold in a

preliminary analysis (analysis #P1, Fig. 1, Table S5) and was

moderately induced in analysis aFSHD3_TE (Fig. 2C). The

relative abundance of MURC (also named cavin-4) was decreased

by half in disorganized myotubes (dFSHD12_TE; Fig. 2C).

Caveolae contain clusters of Gpi-anchor proteins such as alkaline

phosphatase and THY-1 membrane glycoprotein. The relative

abundance of these proteins was increased in FSHD atrophic

myotubes (aFSHD3_TE; Fig. 2C). Finally, the extracellular

protein AHNAK, which is a member of the dysferlin-protein
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complex, also had a slightly increased relative abundance in

disorganized myotubes (dFSHD12_TE; Fig. 2C).

As a validation of the quantitative proteomic data, we evaluated

PTRF and MURC protein expression by immunodetection on

Western blot (Fig. 6). The intracellular distribution of PTRF and

MURC was assessed by co-immunofluorescence with caveolin-3

(CAV3), which is the major caveolar protein in skeletal muscle, in

aFSHD3 and dFSHD12 myotubes after 4 days of differentiation

(Fig. 7).

PTRF regulates ribosomal RNA transcription and also plays a

critical role in the formation of caveolae, stabilization of caveolins

and membrane repair. As expected, 55-kDa PTRF was detected in

TE of FSHD and control myotubes (Fig. 6). In agreement with

the proteomic data, densitometry analysis showed that the relative

abundance of PTRF was increased 1.6- and 1.7-fold in aFSHD3

and dFSHD12, respectively, as compared to the matched control

(CTL12). PTRF was detected by immunofluorescence in the

cytoplasm and plasma membrane of myotubes, where it co-

localized with CAV3 (Fig. 7). As expected because of its role in

transcription regulation, PTRF was also detected in myotube

nuclei. This distribution did not appear modified in FSHD

myotubes.

MURC, which was originally observed at the Z-line of the

sarcomere, was also found in muscle cell caveolae. In addition to

its association with cardiac dysfunction, MURC is involved in the

regulation of skeletal myogenesis, and its expression is perturbed in

muscle diseases that are associated with caveolin-3 mutations.

MURC was immunodetected after Western blotting in the TE of

FSHD and control myotubes (Fig. 6), and in agreement with the

proteomic data, densitometry analysis indicated a 0.5-fold

reduction in its relative expression in dFSHD12 and aFSHD3

myotubes. Immunofluorescence (Fig. 7) revealed that MURC co-

localized with CAV-3 and that myotubes exhibited a stronger

MURC signal than elongated myoblasts, which suggests the

Figure 4. Quantification of myosin isoforms in atrophic or disorganized FSHD myotubes. (A) Histogram depicting the relative
quantification (H/L ratio) of myosin heavy chains (MYH), myosin light chains (MYL) and myosin regulatory light chains (MLRS) determined by post-
digest ICPL coupled to 2DLC-MS/MS analysis of TE and NE derived from atrophic (aFSHD3) or disorganized (dFSHD12) FSHD myotubes. The bottom
table indicates the average H/L ratio for each myosin isoform, which is reported on the Y axis. The significance was evaluated using an ANOVA test
and a multiple comparison of means (Tukey contrasts) using the R Foundation for Statistical Computing version 2.14.0 software. p,0.001 (***);
p,0.01 (**) and p,0.05 (*) were considered significant. (B) Principal component analysis with quantified MYH9 and MYH3 peptides in TE and NE.
Peptides from atrophic myotubes are represented by blue dots and peptides from disorganized myotubes by black dots. The quantification of these
myosin isoforms allows the discrimination of two groups in the scatter plot: one group corresponding to aFSHD3 (underlined in purple) myotubes
and the other corresponding to dFSHD12 (underlined in blue) myotubes. The proteomic quantitative data related to the myosin isoforms are
presented in Table S4A, and bibliographic information about the role of each isoform is given in Table S4B and S4C. (C) Scatter plot graph
representing the H/L ratio corresponding to quantified peptides of skeletal myosin isoforms (MYH3, MYH7, MYH8, MLRS) in analyses dFSHD12_TE,
aFSHD3_TE and CTL7_TE. The analysis to the right was conducted as a control for the variability among myotubes from two healthy individuals.
doi:10.1371/journal.pone.0051865.g004

Proteomes of FSHD Myotubes

PLOS ONE | www.plosone.org 7 December 2012 | Volume 7 | Issue 12 | e51865



induction of MURC upon differentiation, as previously described

in C2C12 cells [39]. Similarly to PTRF, the subcellular

localization pattern of MURC was not altered in FSHD myotubes.

Discussion

Shotgun Proteomics is an Effective Approach for the
Analysis of FSHD Myotubes

In the present study, we optimized a method of differential

isotope protein labeling (ICPL) and shotgun proteomic analysis

(2DLC-MS/MS) to study FSHD myotubes expressing DUX4 [30]

and presenting characteristic morphological abnormalities [27]. As

observed in our preliminary analysis (Texts S1–3), the main

disadvantage of the proteomic analysis of myotubes is the

abundance of contractile and other cytoskeletal proteins that

could mask the detection of lower abundance proteins. The

combination of higher-resolution LC separation, post-digest ICPL

and nuclear enrichment allowed us to increase the number of

quantified proteins. Our data are in agreement with perturbations

previously observed in FSHD, and the quantification of 3

dysregulated proteins (PABP4, PTRF and MURC) was confirmed

by complementary approaches.

The Atrophic Myotube Phenotype in FSHD Could be
Attributed to DUX4

Under optimized culture conditions without dexamethasone or

insulin, CD56+ FSHD myoblasts fused to form atrophic or

disorganized myotubes. Both phenotypes were present at different

proportions in a culture derived from a given FSHD muscle [27],

but the molecular basis of these phenotypes is not clearly known.

To better understand the defect in the myogenic program

previously described in FSHD [22,26] and the emergence of two

myotube phenotypes in FSHD primary culture, the optimized

proteomic procedure was used to evaluate the proteome of FSHD

myotubes that are predominantly atrophic or disorganized, and

could detect clear differences in their protein relative abundance

profiles. It could be expected that primary cultures containing

more similar proportions of atrophic and disorganized myotubes

will exhibit an intermediate proteomic profile, as observed in

analysis #P1.

Figure 5. Caveolar and Gpi anchor proteins for which a change in abundance was observed in FSHD myotubes using post-digest
ICPL coupled to LC-MS/MS. AC: UniProt accession number; Hugo Gene symbol; Protein name; H/L: fold change (3: identified protein without
quantification); SD: geometric standard deviation; #: number of peptides used for quantification; *: statistical significance (p,0.05) determined by
Student’s t-test. Proteins with an H/L ratio greater than 1.5 are highlighted in red; those with a ratio greater than 1.3 are in pink and those with a ratio
greater than 1.2 are in light pink. Proteins with an H/L ratio less than 0.7 are highlighted in green and those with an H/L ratio of 0.7 - 0.8 are
highlighted in light green. TE: total extract; NE: nuclear extract.
doi:10.1371/journal.pone.0051865.g005
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Atrophic myotubes display a general decrease in the relative

abundance of cytoskeletal and contractile proteins that could

reflect atrophy-associated proteolysis and differentiation defects.

We have previously used the same cellular model [30] and have

found that DUX4 is expressed in a higher number of myonuclei

in FSHD myotubes than in control myotubes and that the level

of DUX4 expression is higher in the myonuclei of atrophic

myotubes. As we have described in [20], the induction of E3

ubiquitin ligases MURF1 and atrogin-1/MAFBX by DUX4

may cause muscle atrophy in FSHD. These data were recently

confirmed and expanded by the identification of DUX4 direct

target genes in human myoblasts using a combined transcrip-

tome and chromatin immunoprecipitation study [19]. Consistent

with our findings, these researchers have found that multiple

ubiquitin ligase family members are induced by DUX4. In

addition, DUX4 induces DEFB103, which is a human defensin

that up-regulates myostatin and inhibits muscle differentiation.

Muscle cultures exposed to DEFB103 showed decreased

expression of myosin heavy chains [19]. In the present study,

we also observed a clear lower relative abundance of most

myosin heavy and light chain isoforms that are typical of

skeletal muscle. Because myosin is a marker of terminal

myogenic differentiation, its downregulation in FSHD myotubes

is in agreement with a dampening of normal myogenesis, as

described in [26]. Accordingly, as described in [31], we

observed an increased level of vimentin in FSHD myotubes,

which is an intermediate filament component that is normally

downregulated during myogenic differentiation.

Our data also suggest a myosin isoform switch in FSHD

atrophic myotubes in favor of non-muscle myosin complexes.

Those myosin isoforms are differentially expressed, and their

isoform-specific expression is cell type-dependent and linked to cell

proliferation and differentiation [40]. Because of their position

downstream of convergent signaling pathways, NMHCs play a

central role in the control of cell adhesion, cell migration and tissue

architecture [41], and they are involved in secretion, membrane

trafficking and repair [42]. NMHCs also drive changes in cell

morphology during myoblast alignment and fusion [43]. The

upregulation of non-muscle myosin in FSHD, together with the

upregulation of thrombospondin, GPI anchor Thy-1 glycoprotein,

filamin-A, vimentin and perlecan, suggests that cell adhesion is

altered in FSHD myotubes. Taken together with the perturbations

associated with the actin cytoskeleton and caveolar proteins, the

present data support the hypothesis of a trafficking and membrane

repair dysfunction in FSHD.

Disorganized Myotubes Appear to Resist DUX4-mediated
Damage

Our results are in agreement with an induction of the

atrophic phenotype by DUX4, but the molecular mechanism

that underlies the disorganized phenotype appears to be more

complex. In contrast to atrophic myotubes, the categories of

dysregulated proteins are more heterogeneous and the decrease

in protein relative abundance is more moderate. Disorganized

myotubes express DUX4 in a similar number of myonuclei

when compared with atrophic myotubes. However, the number

Figure 6. Western blot immunodetection of PTRF and MURC in FSHD and control myotubes. 25 mg of TE from primary myotubes were
separated by 12% SDS-PAGE and transferred to a nitrocellulose membrane for Western blotting. PTRF (A) and MURC (B) were immunodetected with
specific antibodies as described in the Materials and Methods section. GAPDH was used as a loading control. aFSHD3 and dFSHD12 are FSHD
myotubes that are predominantly atrophic or disorganized, respectively, and were compared to matching control myotubes (CTL12). The bottom
panels present the densitometric analysis of biological replicates (n = 2).
doi:10.1371/journal.pone.0051865.g006
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of nuclei with intense DUX4 staining is significantly lower [30],

which could partially explain why the contractile muscle

component is not reduced to the extent that it is reduced in

the atrophic phenotype. Rather than exhibiting a proteolytic

mechanism that occurs in an atrophic process, cytoskeletal

proteins appear to have a disrupted spatial organization (data

not shown). Accordingly, we observed increased levels of

proteins linked to cytoskeleton organization, particularly those

that are involved in the re-arrangement of microtubule network

components such as tubulin, aß-crystallin and heat shock

proteins. Indeed, these proteins are known to interact and

contribute to dynamic microtubule reorganization during

adaptation phases in skeletal muscle [44]. The relative

expression of aß-crystallin and other heat shock proteins is also

increased early after intense exercise as a remodeling response

to limit the extent of muscle damage that is incurred upon

mechanical stress [45]. In FSHD, as opposed to a downregu-

lation as observed in a rat model of muscle atrophy [44], we

suggest that the upregulation of those proteins in FSHD

disorganized myotubes could constitute a compensatory mech-

anism against DUX4-mediated atrophy. Intriguingly, a similar

phenotype of giant myotubes with myonuclei clusters was

observed after cholesterol depletion [46]. The microtubule

distribution was maintained in this model, where the disorga-

nized myotube morphology was attributed to an enhanced

myogenic fusion that was linked to an alteration of membrane

microdomains enriched in cholesterol such as caveolae. Simi-

larly, our study highlights perturbations in the relative

abundance of several caveolar proteins in FSHD myotubes. A

defect in these membrane microdomain subtypes could also

contribute to myotube deformation in FSHD.

Because the alteration of caveolar proteins was also found in

atrophic myotubes, further studies are necessary to precisely

determine the contribution of each factor to the formation of a

given phenotype. Because the predominantly atrophic or disorga-

nized FSHD cultures that we have analyzed are derived from

comparable patients in terms of the number of D4Z4 units, sex and

age, we assume that other factors could intervene to explain the

emergence of a non-atrophic phenotype, despite the expression of

DUX4. Other genes were suggested to be involved in FSHD,

including FRG1 [8], ANT1 [7] and DUX4c [10], but further studies

are necessary to explain the relative contribution of each 4q35

gene in FSHD [19]. DUX4c is induced in FSHD muscles [10] and

could bind to DUX4-target promoters through its identical double

homeodomain, as was described for PITX1 [12]. Because DUX4c

overexpression is associated with increased myoblast proliferation

and decreased differentiation, it is a good candidate to explain the

emergence of a non-atrophic phenotype. DUX4-s, which is a

putative protein derived from a short DUX4 mRNA variant that is

often detected in control muscles and less frequently in FSHD

muscles [15], was suggested to act as a dominant negative variant

[19]. DUX4-s may also take part in this process, but further

studies are needed to determine whether this protein is endoge-

nously expressed in FSHD or control muscle cells.

Figure 7. MURC and PTRF detection by immunofluorescence in FSHD and control myotubes. MURC (right panel, red), PTRF (left panel,
red) and caveolin-3 (CAV3, green) were detected by co-immunofluorescence in primary FSHD (dFSHD12 and aFSHD3) and control (CTL12) myotubes
following 4 days of differentiation. aFSHD3 and dFSHD12 myotubes are predominantly atrophic or disorganized, respectively. The 3 proteins were
detected with specific antibodies as described in the Materials and Methods section. DAPI was used to visualize nuclei. The merged signal of CAV3
and PTRF or MURC, representing co-localization, is in yellow. PTRF or MURC staining at the plasma membrane is indicated by arrows and nuclear PTRF
staining is indicated by arrowheads. Non-fused myoblasts had weaker MURC staining than myotubes (dotted circles).
doi:10.1371/journal.pone.0051865.g007
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FSHD Pathogenesis Likely Involves Perturbations of
Membrane Microdomains

The present data indicate that FSHD myotubes present clear

changes in the relative abundance of proteins typical of caveolae

(i.e., PTRF, MURC, and Gpi-anchor proteins such as THY1),

which are membrane lipid microdomains that are enriched in

cholesterol and glycosphingolipids and are often considered to be a

specialized lipid raft subtype. These membrane invaginations play

a major role in signal transduction and appear to constitute

signaling platforms that mediate the sequestration of certain

receptors, transporters and signaling proteins [47]. They are thus

involved in numerous biological processes, e.g., membrane repair,

redox signaling, immune response and lipid metabolism. Caveolin-

3 (CAV3) is the main caveolar protein in skeletal muscle and is a

key factor in muscle cell fusion, and several mutations in the

CAV3 gene cause heterogeneous neuromuscular diseases includ-

ing caveolinopathies such as LGMD1 (limb girdle muscular

dystrophy) [47,48]. Caveolin-associated cavins, particularly

PTRF/cavin-1, are crucial regulators of caveola formation [49].

MURC/cavin-4 was first described as a cytosolic protein that is

partly localized in the Z-line and associated with cardiac

dysfunction through the modulation of the Rho/ROCK pathway

[50]. MURC expression is increased during the differentiation of

C2C12 myoblasts, and its RNAi-mediated knockdown impairs

myogenic differentiation [39]. In the present study, we reported a

decreased level of MURC in FSHD myotubes. FSHD myoblasts

fail to upregulate MURC during their differentiation, and this

perturbation could also be linked to the general dampening of

myogenic differentiation associated with FSHD as described in

[26]. Recently, MURC was found to be localized to sarcolemmal

caveolae in normal muscle, with an impaired distribution in

muscle from a patient with heterogeneous CAV3 expression [51],

which suggests a potential role of MURC in caveolin-associated

muscle disease.

In conclusion, the use of an optimized proteomic approach has

enabled us to define molecular differences between atrophic and

disorganized FSHD myotubes. Observed changes are likely

consequences of dysregulation cascades initiated by misexpression

of 4q35 genes. Atrophic myotubes presented molecular character-

istics that are typically observed following DUX4 expression.

Conversely, disorganized myotubes presented increased levels of

proteins involved in microtubule network organization and

myofibrillar remodeling, which suggests a compensatory response

to DUX4-mediated damage. Further studies are necessary to

determine the relative contribution of other 4q35 genes leading to

this phenotype. Moreover, our results suggest that FSHD

pathogenesis could partially involve a defect of membrane

microdomains as observed in other neuromuscular disorders.

Finally, the study of a fraction enriched in nuclear proteins

suggested a defect in RNA processing in FSHD myotubes.

Materials and Methods

Ethics Statement
Primary human myoblasts were obtained according to proce-

dures approved by the current ethical and legislative rules of

France or Belgium, and written informed consent was obtained

from all subjects, as directed by the ethical committee of CHU de

Villeneuve (Montpellier, France) [27]. In addition, the use of this

material has been approved by the ethics committee of the

University of Mons (ref# A901). To assess whether the biopsied

muscle was affected and to evaluate the severity of the pathology,

we used clinical and histopathologic criteria as described elsewhere

[27].

Cell Culture
Primary myoblast cultures from control individuals and patients

with FSHD were isolated from muscle biopsies, purified by

selection of CD56+ cells and established as described in [27]. They

were grown in collagen-coated dishes (Iwaki, Tokyo, Japan) in

DMEM with high glucose (4.5 g/l), sodium pyruvate and sodium

bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) with L-

glutamine (4 mM, Sigma-Aldrich), gentamycin (50 mg/ml, Sig-

ma-Aldrich), 10% fetal bovine serum (FBS, Invitrogen), and 1%

Ultroser G (Pall BioSepra, Cergy-St-Christophe, France) at 37uC
under 5% CO2. Before experimentation, primary myoblasts were

seeded in 10-cm or 35-mm collagen-coated dishes for Western blot

or immunofluorescence, respectively, in DMEM/gentamycin

(50 mg/ml)/FBS (20%). Myogenic differentiation of confluent cells

was induced by decreasing the FBS concentration to 2%.

Protein Extraction
Total extracts and a fraction enriched in nuclear proteins were

both analyzed following the procedure described in the workflow

scheme (Fig. 1).

For total protein extraction (TE), cells were washed 3 times in

cold PBS. Cellular pellets obtained by centrifugation were then

stored at 280uC.

For nuclear extracts (NE), after the excess PBS was removed,

the cytoplasmic extract was prepared directly on the cell dish using

the NE-PER Nuclear and Cytoplasmic Extraction Reagent kit

(Thermo Scientific, Rockford, IL, USA) at 4uC according to the

manufacturer’s instructions. The resulting nuclear pellet was

resuspended and subjected to ultracentrifugation (30,000 g for

45 min at 4uC) on a sucrose cushion (1.8 M), followed by 2 washes

at 4uC. The nuclear pellet was then stored at 280uC.

Cellular and nuclear pellets were then dissolved in 6 M

guanidinium chloride (lysis buffer of the ICPL kit, SERVA,

Germany), followed by ultra-sonication for 3x15 s (80% ampli-

tude, U50 IKAtechnik) and incubation for 20 min at room

temperature (RT). The supernatant was harvested after centrifu-

gation (18,000 g for 15 min at RT), and the protein concentration

was determined according to the Bradford method using bovine

gamma-globulin as a standard.

ICPL Labeling
For the ICPL procedure, 100 mg of protein was labeled using

the ICPL kit (SERVA) following the manufacturer’s instructions as

described in [52]. Briefly, after reduction and alkylation, proteins

were labeled at the protein NH2-termini and lysine side chains by

incubation for 2 h at RT with a light (L, control samples) or heavy

(H, FSHD samples) form of the ICPL reactant (nicotinoyl-N-

hydroxysuccinimide). After the excess reactant was quenched with

hydroxylamine, the control and FSHD samples were pooled. The

proteins were recovered through acetone precipitation and

dissolved in 50 mM Tris-HCl, pH 7.5, with 2 M urea. The

proteins were then digested using trypsin at an enzyme/substrate

ratio of 1:50 for 4 h at 37uC.

The post-digest ICPL procedure was performed as described in

[52]. 33 mg of protein was reduced; alkylated; recovered by

acetone precipitation; dissolved in 100 mM phosphate buffer,

pH 8.5, with 1 M urea and subjected to trypsin digestion for 5 h at

37uC (enzyme:substrate ratio 1:25). Tryptic peptides were then

labeled with the ICPL reactant for 3 h according to [52]. The

reaction was stopped, and the samples were mixed as described

above.
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LC-MS/MS Analysis
24 mg of tryptic peptides was subjected to online 2D-LC MS/

MS analysis as described in [52], with SCX as the first dimension

of separation (analysis #P1: SCX, POROS10S, 10 cm, Dionex,

The Netherlands; analysis #P2, #P3, aFSHD_TE/NE and

dFSHD12_TE/NE: Biobasic SCX, Thermo) and RP column

(75 mm ID x 15 cm PepMap C18 column, Dionex) as the second

dimension of separation. Peptides were sequentially eluted from

SCX with plugs of increasing NaCl concentration (1, 2.5, 5, 10,

25, 50, 100, 200, and 1000 mM) and NH4Cl concentration (5, 10,

25, 50, 75, 100, 125, 150, 200, 400 and 800 mM) in the loading

solvent for ICPL and post-digest ICPL, respectively. Eluted

peptides were separated on the RP column using an acetonitrile

gradient of 5–35% for 120 min. MS data were acquired on a

HCT ultra ion trap mass spectrometer (Bruker, Germany) as

previously described [52]. ICPL data were processed using Bruker

Daltonics software Data analysis 2.4 with default parameters,

whereas post-digest ICPL data were processed using MASCOT

distiller 2.3.2. The created peak list was used as the input for

Mascot MS/MS ion searches using an in-house Mascot 2.2 server

(Matrix Science) against a human-restricted SwissProt database.

The search parameters were enzyme: trypsin; max. missed

cleavages = 2; fixed modifications = carbamidomethyl (C); vari-

able modifications = oxidation (M); ICPL modification at both

peptide N-ter and lysine side chains; peptide tolerance 61.3 Da;

MS/MS tolerance 60.5 Da; peptide charge = 2+ and 3+; and

instrument = ESI-TRAP. Only proteins identified with a protein

score above the calculated Mascot ion score, which was defined at

the 95% confidence level, were considered.

The MASCOT distiller was used for protein quantification with

the following parameters: integration method: simple; correlation

threshold: 0.8; standard error threshold: 999; XIC threshold: 0.2;

max XIC width: 7; fraction threshold: 0.5 and mass time matches

allowed. Only peptides with an ion score above 30 were

considered for quantification. Quantitative data were systemati-

cally inspected manually, and outlier ratios were manually

recalculated. Protein ratios for which coefficients of variation

were greater than 25% or quantified based on less than 3 peptides

were also manually recalculated as described in [52].

The dispersion value for proteins represented by multiple

peptides is represented by the geometric standard deviation (SD).

A non-normal distribution is noted as NN in the SD column of the

tables. The false-positive rates, determined using a Decoy database

as described [53] are as follows: 0.65% (dFSHD12_NE), 0.77%

(dFSHD12_TE), 0.13% (aFSHD3_NE) and 0.81%

(aFSHD3_TE). Proteins changes were considered significant when

the fold change was greater than 1.5 or less than 0.7 as described

in [54,55]. At the individual level, fold changes were assessed using

Student’s t-test (t-test column in tables: *). For classification into

functional categories, proteins with fold changes ,0.8 or .1.3

were analyzed using bioinformatic tools, including the Database

for Annotation, Visualization and Integration (DAVID), Ingenuity

Pathway Analysis (IPA), UniProtKB. In DAVID analyses, the p-

value is equivalent to the EASE score, which uses a conservative

adjustment of the Fisher’s exact probability, and was applied to

identify significantly enriched gene categories (*: p,0.05).

Western Blot Immunodetection
Whole-cell extracts of myoblast primary cultures were obtained

by lysis in hypertonic buffer (50 mM Tris, pH 7.0, 50 mM NaCl,

0.1% Nonidet P40, 1 mM DTT and protease inhibitor cocktail

(Sigma-Aldrich)) and 3 freeze/thaw cycles. The cell lysate was

separated by 12% SDS-PAGE for 3 to 4 h at 100V and

electrotransferred onto a nitrocellulose membrane (GE Healthcare

Europe GmbH, Diegem, Belgium). The membrane was stained

with Ponceau red to check loading and migration quality, and an

image was captured for the loading control. After being rinsed in

PBS, the membrane was blocked for 1 h at room temperature

(RT) in phosphate-buffered saline (PBS) with 5% non-fat dry milk,

rinsed in PBS and incubated overnight at 4uC with primary

antibodies. The following antibodies and dilutions were used:

rabbit polyclonal anti-PABP4 (Bethyl A301-466A, 1:2000 in PBS-

5% milk), rabbit polyclonal anti-MURC (Sigma-Aldrich

HPA021021, 1:2000 in PBS-5% milk), rabbit polyclonal anti-

PTRF (Bethyl A301-269A, 1:2000 in PBS-5% milk). After rinsing

in PBS, appropriate secondary antibodies coupled to HRP

(1:5000, GE Healthcare) were added and detected with the Super

Signal West Femto Maximum Sensitivity Substrate (Pierce) or

Lumilight (Roche Diagnostics) on Amersham Hyperfilm ECL (GE

Healthcare). For standardization, membranes were stripped, and

immunoreactive bands were visualized with an anti-GAPDH

MAb (Applied Biosystems Ambion, 1:4000 in PBS-2% BSA).

Densitometry of the immunoreactive bands was performed using

labImage ID Software (Kapelan Bio-Imaging). Data are normal-

ized to control loading levels for each sample. Antibody specificity

was evaluated by competition using pre-incubation of the antibody

with a 5-fold excess of blocking peptides for PTRF (Bethyl BP301-

269, 1:400) and PABP4 (Bethyl BP301-466, 1:400).

Immunofluorescence
Primary myoblasts seeded on 35-mm collagen-coated dishes

(Iwaki, Japan) were fixed for 5 min at room temperature (RT) in

4% paraformaldehyde. Cell permeabilization was performed in

PBS-0.5% Triton X-100 for 5 min at RT. After blocking in PBS-

20% FBS, cells were incubated with primary antibodies for 2 h at

RT. The following antibodies and dilutions were used: rabbit

polyclonal anti-PABP4 (Bethyl A301-466A, 1:100 in PBS), rabbit

polyclonal anti-MURC (Sigma-Aldrich HPA021021, 1:100 in

PBS), rabbit polyclonal anti-PTRF (Bethyl A301-269A, 1:100 in

PBS), MAb 9A12 (hybridoma supernatant: 1:1), and anti-

caveolin3 MAb (BD Biosciences 610420, 1:100 in PBS). After

washing and blocking, cells were incubated for 1 h at RT with the

Alexa Fluor secondary antibodies goat anti-mouse 488 and anti-

rabbit 555 (1/100, Invitrogen). After washing, coverslips were

applied over antifade reagent with 4,6-diamidino-2-phenylindole

(DAPI, Invitrogen). The PTRF antibody specificity was confirmed

by peptide competition (data not shown).

Microscopy images were acquired using a Nikon Microscope

Eclipse 80i with a DS-U3 DS camera control unit and the NIS

element-BR analysis software. Plan Fluor 20x and Plan Fluor 40x

and objectives were used with 350-, 480- and 540-nm excitation

for the 4,6-diamidino-2-phenylindole (DAPI), fluorescein isothio-

cyanate (FITC), and tetramethylrhodamine isothiocyanate

(TRITC) channels, respectively.

Supporting Information

Figure S1 Comparison of protein composition in total (TE) and

nuclear protein-enriched (NE) fractions of FSHD myotubes

(analysis #P2 and P3). The analysis was conducted using TE

and NE of FSHD myotubes (dFSHD12) 4 days after differenti-

ation by 2DLC-MS/MS without ICPL labeling. (A) Subcellular

classification of the detected proteins in TE and NE of FSHD

myotubes. (B) Histograms comparing the number of detected

proteins in TE and NE of FSHD myotubes and their subcellular

localizations. (C) Functional classification of nuclear proteins

detected in FSHD myotubes. The subcellular and functional
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classifications were conducted using ingenuity pathway analysis

(IPA) or David database bioinformatics tools, respectively.

(TIF)

Figure S2 The polyA-binding protein 1/4 (PABP1/4) is up-

regulated in FSHD myotubes (A) MS spectrum of the AHLTN-

QYMQ peptide that is common to PABP1 and PABP4 proteins. The

graph represents the isotopic distribution corresponding to the FSHD

peptide labeled with the heavy ICPL tag (right) and the control peptide

labeled with the light ICPL tag (left). The H/L intensity ratio of 18.74

corresponds to the relative protein quantification. The theoretical and

experimental spectra are indicated in red or black, respectively. (B)
Western blot analysis of TE of atrophic (aFSHD3), disorganized

(dFSHD12) and control (CTL12) myotubes using an antibody directed

against PABP4 (Bethyl Laboratories). The bottom panel corresponds to

the densitometry analysis. (C) Specificity of the anti-PABP4 antibody.

Immortalized human myoblasts were kindly provided by Drs. G.

Butler-Browne and V. Mouly (Institute of Myology, Paris). These lines

were derived from a non-affected control (LHCN-M2) and were

immortalized as described in [56]. They were cultivated and

differentiated for 4 days, as described in [20]. Putative regulation by

proteolytic degradation was evaluated by adding the proteasome

inhibitor MG132 (25 mM, Sigma Aldrich) to the culture medium 5 h

before the cells were harvested. Total cell protein extracts (20 mg, RIPA

buffer) was separated by 12% SDS-PAGE, transferred to a

nitrocellulose membrane and immunodetected with the anti-PABP4

antibody. A band at the expected MW for PAPB4 was detected, and

this signal disappeared upon competition with a 5-fold excess of the

antigenic peptide (+Ag, Bethyl Laboratories). The addition of MG132

slightly improved PABP4 detection.

(TIF)

Figure S3 Changes in the 14-3-3 protein epsilon (YWHAE)

intracellular distribution suggest a disruption of its nuclear-

cytoplasmic shuttling in FSHD myotubes. Representative MS

spectrum of the 14-3-3 protein epsilon peptide quantified by

2DLC-MS/MS in TE and NE of aFSHD3 myotubes. The graph

represents the isotopic distribution corresponding to the FSHD

peptide labeled with the heavy ICPL tag (right) and the control

peptide labeled with the light ICPL tag (left). The indicated H/L

intensity ratios correspond to the relative protein quantification.

(TIF)

Figure S4 Quantification of the serine protease HTRA1

suggests the presence of two isoforms, and only one appears to

have increased expression in atrophic FSHD myotubes. Repre-

sentative MS spectra of HTRA1 peptides quantified by 2DLC-

MS/MS in TE of aFSHD3 myotubes. The graph represents the

isotopic distribution corresponding to the FSHD peptide labeled

with the heavy ICPL tag (right) and the control peptide labeled

with the light ICPL tag (left). The indicated H/L intensity ratios

correspond to the relative protein quantification.

(TIF)

Table S1 Summary of published transcriptomic and proteomic

studies on FSHD myoblasts and muscle biopsies. d5-7: 5 to 7 days

of differentiation; d8: 8 days of differentiation.

(DOCX)

Table S2 Patient characteristics and 2DLC-MS/MS analysis.

(A) Name of the FSHD cell line (code) as indicated in [27] (‘‘line’’

refers to a myoblast population derived from a single biopsy; a:

predominantly atrophic myotubes; d: predominantly disorganized

myotubes); age and sex of the patient (M: male; F: female); number

of D4Z4 units; site of the muscle biopsy [Q = quadriceps (vastus

lateralis)]; score on the Brooke–Vignos scale defining the clinical

status of upper and lower limb muscles, respectively, where high

values define affected muscles and low values define non-affected

muscles; predominant phenotype of the derived myotubes and

MFI determined in [27] (myoblast fusion index: ratio between the

nuclei present in myotubes versus the total number of nuclei in a

given microscope field; the proportion of atrophied myotubes in a

culture is inversely correlated with the MFI). (B) The following

information is indicated for each 2DLC-MS/MS analysis: the

FSHD and control myoblasts line that was compared, the

differentiation stage (d4: 4 days; d6: 6 days), the extraction type

(TE: total extracts; NE: fraction enriched in nuclear proteins), the

ICPL procedure (regular or Post-digest), the SCX column (P:

POROS10S, Dionex; B: Biobasic SCX, Thermo), the number of

identified and quantified proteins and the total number of non-

redundant identified peptides.

(DOCX)

Table S3 Quantitative proteomics data for dFSHD12_TE/NE

and aFSHD3_TE/NE analyses. Quantitative data are given for

proteins for which an H/L ratio greater than 1.3 or lower than 0.8

was observed. AC: UniProt accession number; Hugo Gene

symbol; Protein name; H/L: fold change; SD: geometric standard

deviation; #: number of peptides used for quantification; T. Test:

statistical significance assessed by Student’s t-test (*: p,0.05).

These proteins were classified using the DAVID database

(functional annotation charts, GOTERM_BP_FAT) and catego-

ries with a significant p-value (Ease Score) are indicated in the last

column. The proteins with a fold change .1.5 are highlighted in

red, .1.2 in pink, ,0.7 in green, and 0.7–0.8 in light green. TE:

total extract; NE: nuclear extract.

(XLSX)

Table S4 Quantitative proteomics data (A) and bibliographic

information related to myosin heavy (B) and light (C) chain

isoforms. (A) AC: UniProt accession number; Score: -10*Log (P),

where P is the probability that the observed match is a random

event; H/L: fold change; SD: geometric standard deviation; #:

number of peptides used for quantification; *: statistical signifi-

cance assessed by Student’s t-test (p,0.05). The proteins with a

fold change .1.5 are highlighted in red, .1.2 in pink, ,0.7 in

green, and 0.7–0.8 in light green. TE: total extract; NE: fraction

enriched in nuclear proteins. (B) Information related to myosin

heavy chain (MYH: upper panel) types, functions and mutations as

given in the UniProt database and in [57]. The role of the non-

muscle myosin MYH9 in myoblast differentiation was described in

[58]. (C) Biological processes that involve myosin light chains

(MYL: bottom panel) were identified in the UniProt database

(Gene Ontology annotation).

(XLSX)

Table S5 Raw data: analysis #P1.

(XLSX)

Table S6 Raw data: analysis #P2 and #P3.

(XLSX)

Table S7 Raw data: analysis #aFSHD3_TE.

(XLSX)

Table S8 Raw data: analysis #aFSHD3_NE.

(XLSX)

Table S9 Raw data: analysis #dFSHD12_TE.

(XLSX)

Table S10 Raw data: analysis #dFSHD12_NE.

(XLSX)

Table S11 Raw data: analysis #CTL7_TE.

(XLSX)
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Text S1 Regular ICPL coupled to 2DLC-MS/MS (Analysis

#P1).

(DOCX)

Text S2 Myotube nuclear enrichment to improve protein

detection (Analysis #P2-3).

(DOCX)

Text S3 Post-digest ICPL to improve protein quantification in

FSHD myotubes.

(DOCX)

Text S4 Validation of the increased amount of PABP in FSHD

myotubes.

(DOCX)
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