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A B S T R A C T   

Muscles of patients with facioscapulohumeral dystrophy (FSHD) are characterized by sporadic DUX4 expression 
and oxidative stress which is at least partially induced by DUX4 protein. Nevertheless, targeting oxidative stress 
with antioxidants has a limited impact on FSHD patients, and the exact role of oxidative stress in the pathology of 
FSHD, as well as its interplay with the DUX4 expression, remain unclear. Here we set up a screen for genes that 
are upregulated by DUX4 via oxidative stress with the aim to target these genes rather than the oxidative stress 
itself. Immortalized human myoblasts expressing DUX4 (MB135-DUX4) have an increased level of reactive ox
ygen species (ROS) and exhibit differentiation defects which can be reduced by treating the cells with classic 
(Tempol) or mitochondria-targeted antioxidants (SkQ1). The transcriptome analysis of antioxidant-treated 
MB135 and MB135-DUX4 myoblasts allowed us to identify 200 genes with expression deregulated by DUX4 
but normalized upon antioxidant treatment. Several of these genes, including PITX1, have been already asso
ciated with FSHD and/or muscle differentiation. We confirmed that PITX1 was indeed deregulated in MB135- 
DUX4 cells and primary FSHD myoblasts and revealed a redox component in PITX1 regulation. PITX1 
silencing partially reversed the differentiation defects of MB135-DUX4 myoblasts. Our approach can be used to 
identify and target redox-dependent genes involved in human diseases.   

1. Introduction 

Facioscapulohumeral dystrophy (FSHD) is an autosomal dominant 
hereditary disease characterised by progressive muscle weakness and 
degeneration. It is caused by the combination of genetic and epigenetic 
factors leading to the aberrant expression of DUX4, the double homeo
box protein 4, encoded within the D4Z4 repeat array on chromosome 
4q35. DUX4 is involved in embryogenesis and is normally repressed in 
most adult tissues [1]. When abnormally expressed in adult muscles 
DUX4 disrupts multiple signalling pathways [2] and causes oxidative 
stress and DNA damage [3–5], but its exact function in FSHD pathology 
is not yet clear. 

A characteristic feature of FSHD muscles is oxidative stress, which is 
at least partially attributed to DUX4 expression [3]. Muscle biopsies 
from FSHD patients have increased levels of oxidative stress markers 
which correlates with functional muscle impairment [5]. 

Patient-derived as well as healthy DUX4-transfected myoblasts are 
prone to DNA damage due to increased levels of reactive oxygen species 
[4] and exhibit reduced viability when exposed to oxidative stressors [3, 
6]. Multiple studies have revealed oxidative stress-related genes and 
proteins to be deregulated in FSHD [6–11] as well as in DUX4 over
expression models [2,3]. Inversely, DUX4 expression itself may be 
induced by oxidative stress [12]. Despite being effective in in vitro 
models [4,13,14], antioxidants had a limited success in two clinical 
trials (reviewed in Ref. [15]): the dietary supplementation of vitamins C, 
vitamin E, zinc and selenium did not improve the 2-min walk test in 
individuals with FSHD, though the maximum voluntary contraction and 
endurance of the quadriceps were improved [16]. Methionine and folic 
acid supplement did not have any effect on DNA methylation or muscle 
state of FSHD patients [17], despite the antioxidant properties of these 
compounds. Generally, antioxidants may be effective for combating an 
initial acute response to oxidative stress, but are much less efficient 
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when reversing the oxidative damage from a chronic state [18], such as 
FSHD. Moreover, a certain level of ROS is required for normal myo
genesis (reviewed in Refs. [19,20]), thus totally removing all cellular 
ROS might not be a good treatment strategy for muscular dystrophies. 
Therefore, alternative approaches are needed to address the conse
quences of oxidative stress in FSHD patients. One of the strategies would 
be to target genes and pathways deregulated by DUX4 via oxidative 

stress rather than oxidative stress itself, although up to now, these tar
gets remain largely unknown. 

Here, we have successfully applied a transcriptomic approach to 
identify genes deregulated by DUX4 indirectly through oxidative stress 
and identified several genes relevant for the FSHD pathogenesis. As a 
proof of principle, we silenced one of these genes, PITX1; this improved 
the differentiation capacity of DUX4-expressing myoblasts. Our strategy 

Fig. 1. Oxidative stress and differentiation defects in MB135-DUX myoblasts. (A) ROS production in MB135 and MB135-DUX4 cells, treated or non-treated with 
antioxidants. Cells were incubated in the presence of 40 nM SkQ1 or 100 uM Tempol for four days and then stained with a ROS indicator CM-H2DCFD for 30 min. 
CM-H2DCFD fluorescence was detected by flow cytometry. The data are presented as means ± SEM, N = 5–16. Mean value for the untreated MB135-DUX4 cells is set 
to 100%. (B) Cardiolipin peroxidation in MB135 and MB135-DUX4 cells, treated or non-treated with antioxidants. Cells were incubated in the presence of 40 nM 
SkQ1 or 100 uM Tempol for four days and stained with MitoCLox for 5 h. MitoCLox fluorescence in the FITC and PE channels was then detected by flow cytometry. 
The data are presented as mean ± SEM, N = 4–6. The representative histograms show the fluorescence of MitoCLox-stained cells in the FITC and PE channels. The 
rightmost peak in the FITC channel corresponds to the cells with the oxidized MitoCLox. (C) Analysis of myotubes formed by MB135 and MB135-DUX4 myoblasts 
after four days of differentiation. Cells were treated with H202 for four days and then seeded on glass coverslips in 100% confluence. Myogenic differentiation was 
induced the next day by serum starvation and the cells were left to differentiate for four days. The myotubes were stained with monoclonal antibodies against skeletal 
troponin T (green) and DAPI (blue). To create a large image of the specimen, the images from adjacent fields were captured and stitched together using the Car
tograph software (Microvision). Differentiation efficiency was assessed by measuring the troponin T - positive area normalized to the number of nuclei and the fusion 
index in 5–6 large images per sample. The fusion index is defined as the percentage of nuclei residing inside the troponin T-positive area. The data are presented as 
mean ± SEM, N = 3–5. (D) Apoptosis assessment in MB135 and MB135-DUX4 myoblasts treated with H202. Cells were treated with 200 or 400 uM H202 for four days, 
stained with Annexin V - FITC and PI and analyzed by flow cytometry. The percentage of viable (annexin V -, PI -), early apoptotic (annexin V +, PI -), late apoptotic 
(annexin V +, PI +) and necrotic (annexin V -, PI +) calls was calculated, N = 3. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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may be considered as an alternative to antioxidant treatment in FSHD. 

2. Results 

2.1. Non-induced MB135-DUX4 myoblasts express DUX4 and exhibit 
differentiation defects 

In this work we used immortalized MB135-DUX4 myoblasts with 
doxycycline-inducible DUX4 expression generated from MB135 myo
blasts derived from the muscle biopsy of a healthy individual with the 
normal number of D4Z4 repeats [2]. When induced with doxycycline, 
these cells robustly express DUX4 and die within 48 h [21], but even 
without induction, when cultivated in the presence of the commercial 
non-Tet-free serum, MB135-DUX4 myoblasts express DUX4 at low levels 
due to promoter leakage, a known feature of doxycycline-inducible 
systems [22]. Low levels of DUX4 expression are very difficult to 
detect by qRT-PCR; therefore we monitored DUX4 expression in 
non-induced MB135-DUX4 myoblasts by the upregulation of its targets 
Zscan and Trim43 (Supplementary Fig. 1). The level of DUX4 expres
sion observed in non-induced MB135-DUX4 is not lethal for the cells, 
allowing for long term studies, but is sufficient to cause visible defects in 
myogenic differentiation (Fig. 1C). While normal MB135 myoblasts 
differentiate efficiently to form thick and branched myotubes, 
MB135-DUX4 myoblasts form myotubes which are thin and sparse 
(Fig. 2A, lower left panel). A similar DUX4 expression pattern and dif
ferentiation defects are observed in primary and immortalized myo
blasts derived from FSHD patients [4,7,13]; therefore here we used the 
MB135-DUX4 cell line without induction as a model of FSHD. 

2.2. Elevated levels of ROS and mitochondrial lipid peroxidation 
сontribute to differentiation defects in MB135-DUX4 myoblasts 

As DUX4 is known to cause oxidative stress, we assessed the levels of 
ROS in control and MB135-DUX4 myoblasts using the 2′,7′-dichlor
odihydrofluorescein diacetate (CM-H2DCFDA) assay (Fig. 1A). The ROS 
levels were increased more than twofold in MB135-DUX4 cells. Treat
ment with two types of antioxidants: a superoxide dismutase mimetic 
Tempol (100 uM) and a mitochondria-targeted antioxidant SkQ1 (40 
nM), effectively reduced the ROS levels to the level of control MB135 
cells. This suggests that a large proportion of ROS generated upon DUX4 
expression are of mitochondrial origin. To specifically address the 
mitochondrial ROS (mitoROS), we used MitoCLox, a ratiometric fluo
rescent probe reporting cardiolipin peroxidation in living cells [23]. 
Cardiolipin is a diphosphatidylglycerol phospholipid, which is unique to 
the inner mitochondrial membrane and is also extremely 
oxidation-sensitive, thus it can serve as a good indicator of ROS pro
duced specifically in mitochondria. MitoCLox was previously tested on 
MB135 myoblasts to discover a small subpopulation of cells with 
oxidized cardiolipin which increased proportionally to the density of 
myoblast culture [24]. Here we observed that the fraction of cells with 
oxidized MitoCLox is increased in MB135-DUX4 cells (46 ± 4.5%) 
compared to the equally dense MB135 culture (25 ± 5.7%) (Fig. 1B). 
Antioxidant treatment reduced the proportion of cells with oxidized 
MitoCLox: most of the cells treated with Tempol did not contain oxidized 
cardiolipin, while SkQ1 reduced the proportion of MB135-DUX4 cells 
with oxidized cardiolipin to the control level (29 ± 4.5%). 

To understand whether the increased level of ROS alone could 

Fig. 2. Antioxidant pre-treatment improves differentiation of MB135-DUX4 myoblasts. (A) Myotubes formed by MB135 and MB135-DUX4 myoblasts pre- 
treated with antioxidants before differentiation induction. Representative myotubes are marked with white errors. Cells were treated with 40 nM SkQ1 or 100 
uM Tempol for four days and then seeded in six-well plates in 100% confluence. The next day differentiation was induced by serum starvation and the cells were left 
to differentiate for two days. The myotubes were stained with May-Grunwald Giemsa histological dye and 5 microscopic fields per specimen were captured. The 
differentiation efficiency was assessed by measuring the areas of myotubes in each of the 5 fields captured for each sample. The data is presented as mean myotube 
area ±SEM, N = 3. (B) Myotubes formed by MB135-DUX4 myoblasts treated with antioxidants during differentiation. The non-treated cells were seeded in 6-well 
plates in 100% confluence and induced to differentiate the next day. Antioxidants (40 nM SkQ1 or 100 uM Tempol) were added directly to the differentiation 
medium. The cells were left to differentiate for two days and then stained and analyzed as in (A). The data is presented as mean myotube area ±SEM, N = 3. 
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contribute to the differentiation defects observed in MB135-DUX4 
myoblasts, we induced oxidative stress in normal MB135 cells without 
DUX4 expression by treating them with moderate concentrations of 
H202 (200 uM and 400 uM) for four days prior to differentiation in
duction. This significantly inhibited the differentiation of MB135 cells 
(Fig. 1C). Importantly, H202 concentrations used for oxidative stress 
induction were not lethal for the myoblasts and did not lead to signifi
cant changes in the apoptosis rate (Fig. 1D). Nevertheless, MB135-DUX4 
myoblasts were slightly more susceptible to H202 -induced cell death in 
accordance with the previously published data that DUX4 renders the 
cells more sensitive to oxidative stress [3,4,6]. Myotube formation was 
completely inhibited in the MB135-DUX4 myoblasts after four days of 
H202 treatment (data not shown). 

2.3. Antioxidant treatment improves the differentiation of MB135-DUX4 
myoblasts 

As excessive ROS production potentially contributes to the impaired 
myogenic differentiation of myoblasts expressing DUX4, we tested 
whether their differentiation capacity would be improved by antioxi
dants. We treated the myoblasts with a classic antioxidant Tempol (100 
uM) or a mitochondria-targeted antioxidant SkQ1 (40 nM) and induced 
differentiation four days after. Antioxidant treatment partially restored 
the differentiation capacity of MB135-DUX4 myoblasts (Fig. 2A). Both 
antioxidants were equally effective in MB135-DUX4 cells, but in normal 
MB135 myoblasts, Tempol treatment slightly reduced the differentiation 
efficiency (Fig. 2A). This agrees with the data that a certain level of ROS 
is necessary for the normal myogenesis (reviewed in Refs. [19,20]) and 
also suggests that the ROS contributing to differentiation defects in 
DUX4-expressing cells are mostly of mitochondrial origin. 

Importantly, the antioxidant treatment was only effective when the 
MB135-DUX4 myoblasts were supplemented with antioxidants four 
days prior to differentiation induction. Addition of antioxidants directly 
to the differentiation medium without the four-day pretreatment pro
duced no effect (Fig. 2B), suggesting that ROS mostly affected the 
myoblasts before the differentiation began. 

2.4. RNA-seq based approach to identify genes deregulated by DUX4 via 
oxidative stress 

Gene expression changes caused by DUX4 can be attributed either to 
its direct transactivation activity or to the oxidative stress induced by 
DUX4 expression (Fig. 3A). To identify the genes which are deregulated 
by DUX4 through oxidative stress we compared the transcriptome pro
files of MB135 and MB135-DUX4 myoblasts treated or not treated with 
antioxidants. We could identify the gene sets which were deregulated as 
a result of oxidative stress generated by DUX4 rather than by DUX4 
directly by extracting genes which were differentially expressed be
tween MB135 and MB135-DUX4 but not between MB135 and MB135- 
DUX4 treated with antioxidants (Fig. 3C). 

782 genes were differentially expressed (padj < 0.01 and |Log2Fold| 
> 1) between MB135-DUX4 and MB135 cells (Fig. 3C). 506 genes were 
still deregulated in MB135-DUX4 myoblasts treated with any of the two 
antioxidants, and a subset of genes (242 in case of SkQ1, 234 in case of 
Tempol, 200 in common) were no longer differentially expressed be
tween antioxidant-treated MB135-DUX4 cells and the control (Fig. 3E, 
Supplementary Table 1). Most of these antioxidant-sensitive genes (200) 
were similar both for the mitochondria-targeted antioxidant SkQ1 and 
the classical antioxidant Tempol. Gene ontology enrichment analysis of 
these 200 antioxidant-sensitive genes (Fig. 3D and E) revealed muscle 
tissue development to be the most significant overrepresented term with 
10 genes falling into this category, including PITX1, the gene previously 
linked to FSHD [25]. Other relevant enriched categories included posi
tive regulation of cellular protein localization (9 genes), regulation of 
developmental growth (8 genes), and apoptotic mitochondrial changes 
(5 genes). The antioxidant-sensitive genes were both protein-coding 

(151 genes) and non-coding (34 genes). Some of these genes, 
including PITX1, SORBS2 and GPX1 were previously identified as being 
differentially expressed in FSHD, confirming the validity of our assay. 
PITX1 encodes for a transcription factor involved in early tissue 
patterning and was shown to be specifically deregulated in muscle bi
opsies of FSHD patients [25]. SORBS2 (SH3 domain-containing protein 
2) was misregulated in FSHD myoblasts upon telomere shortening [26]. 
GPX1 (glutathione peroxidase 1) was previously identified to be 
oxidative stress sensitive in FSHD myoblasts [14]. Among the 
non-protein coding genes, H19, encoding for a long noncoding RNA 
(lncRNA), was most robustly downregulated. H19 lncRNA has been 
shown to promote muscle differentiation and regeneration [27,28]. 

2.5. PITX1 expression in MB135-DUX4 myoblasts is ROS-sensitive and 
can be targeted to improve myogenesis 

Transcriptomic screening revealed PITX1 as a candidate gene upre
gulated in DUX4-expressing cells via oxidative stress. RT-qPCR results 
confirmed that the expression of PITX1 was 2.5 times higher in MB135- 
DUX4 cells compared to the control, while Tempol treatment decreased 
PITX1 expression to the control level (Fig. 4A). Elevated PITX1 expres
sion was also observed in primary myoblasts from FSHD patients (data 
not shown). PITX1 expression was similarly 2.5 times increased in 
MB135 cells treated with moderate concentrations of H202 for 24 h. As 
the H202 concentrations used for oxidative stress induction did not lead 
to significant changes in apoptosis rates in MB135 cells (Fig. 1D), PITX1 
overexpression was not likely to result from the gene expression changes 
associated with apoptosis. 

Given the responsiveness of PITX1 expression to oxidative stress and 
antioxidant treatment we have searched the PITX1 upstream region for 
putative antioxidant response elements (AREs), consensus sequences 
recognized by NRF2, a redox-sensitive transcription factor playing an 
important role in redox homeostasis and cytoprotection [29]. We have 
identified eight potential ARE sequences [30] in the 5 kb upstream re
gion of PITX1 (Fig. 4B, Supplementary Fig. 3). Sequences containing 
these putative AREs (Seq1 977 bp, Seq2 1461 bp) were cloned into the 
pGL3 luciferase reporter plasmid upstream of the SV40 promoter and an 
increased expression of the reporter gene was observed when the 
transfected MB135 cells were treated with H202. Elevated expression of 
the reporter gene was also observed in non-treated MB135-DUX4 cells 
(Fig. 4C). Treatment of the pGL3-Seq1/pGL3-Seq2 - transfected 
MB135-DUX4 myoblasts with H202 led to high cellular mortality, 
therefore the luminescence could not be measured. All together, these 
data point to the presence of redox-sensitive elements in the PITX1 
promoter. 

To test whether PITX1 abnormal expression could contribute to dif
ferentiation defects in MB135-DUX4 myoblasts, we have performed 
PITX1 knockdown by siRNA transfection (Fig. 4D). MB135-DUX4 
myoblasts with the PITX1 knockdown partially restored their differen
tiation capacity (Fig. 4E). In normal MB135 myoblasts, PITX1 silencing 
did not produce any visible effect. Thus the increased expression of 
PITX1 contributes to the DUX4-induced impairment of myogenic dif
ferentiation in MB134-DUX4 cells. 

3. Discussion 

FSHD muscles are subjected to oxidative stress induced by DUX4, the 
protein involved in the etiology of the disease. Here we studied the 
involvement of ROS in the myogenesis of DUX4-expressing myoblasts 
and used an original strategy to identify the genes deregulated by DUX4 
via oxidative stress. 

We used human immortalized myoblasts MB135-DUX4 which ex
press DUX4 at a low level and exhibit differentiation defects, similarly to 
myoblasts from FSHD patients [4,7,13]. MB135-DUX4 cells have 
elevated levels of ROS and mitochondrial lipid peroxidation, which is in 
line with data on impaired mitochondrial morphology and functions in 
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patients with FSHD [5]. MB135 and MB135-DUX4 cells were treated 
with antioxidants, 100 uM of the SOD-mimetic Tempol or 40 nM of the 
mitochondria-targeted antioxidant SkQ1, that were previously used in 
the murine models in concentrations similar to those used in the present 
study [31–33]. Elimination of ROS with Tempol, as well as specific 
elimination of mitochondrial ROS (mitoROS) with SkQ1 decreased ROS 
and mitochondrial lipid peroxidation levels and improved the 
morphology of myotubes formed by MB135-DUX4 myoblasts. This is 
consistent with the previous works demonstrating the beneficial effect of 
antioxidant treatment on FSHD myoblasts [4], and suggests the 
involvement of ROS, specifically those produced by mitochondria, in 
DUX4-induced myogenesis impairment. Antioxidants could only 
improve myogenesis if used as pretreatment, before the differentiation 
induction, suggesting that oxidative stress-induced deregulation occurs 
at the myoblast level. Both antioxidants were. 

While antioxidants are quite efficient in reversing the FSHD pheno
type in primary and immortalized myoblasts derived from FSHD pa
tients in vitro [4,14], their effect is much more limited when tested in 
clinics [16,17]. In search for an alternative to the antioxidant treatment, 
we used a transcriptomic approach to identify the genes deregulated in 
MB135-DUX4 myoblasts through oxidative stress rather than directly by 
DUX4 (Fig. 3A). We compared the transcriptomes of the control MB135 
and DUX4-expressing MB135-DUX cells treated with antioxidants for 
four days and revealed 200 genes which were no longer differentially 
expressed between MB135 and MB135-DUX4 myoblasts after the anti
oxidant treatment (Supplementary Table 1). One of the 
antioxidant-sensitive genes discovered in our screen was PITX1, the gene 
previously shown to be specifically upregulated in the muscle biopsies of 
FSHD patients [25]. 

In mice, conditional overexpression of PITX1 causes muscle atrophy 
necrosis and inflammatory infiltration [34]. PITX1 has long been 
considered a direct DUX4 target [25], though a recent study exploring 
the DNA-binding specificity of DUX4 calls this into question [35]. In our 
screen, PITX1 emerged as a gene regulated by DUX4 indirectly. Its 
upregulation in DUX4-expressing myoblasts disappeared after the anti
oxidant treatment, while treatment with H202 induced PITX1 over
expression in the control MB135 myoblasts. Our data thus suggests the 
existence of a redox component in the regulation of this gene. 

As a proof of principle for our approach, we tested whether PITX1 
silencing could reproduce the positive effect of antioxidants on myo
blasts differentiation. We could not fully restore the myotube 
morphology, but the number and thickness of the myotubes formed by 
MB135-DUX4 myoblasts treated with siRNA targeting PITX1 was 
significantly increased. Thus, PITX1 deregulation through oxidative 
stress may be one of the important factors causing differentiation defects 
in DUX4-expressing myoblasts. 

PITX1 gene encodes for a transcription factor of bicoid-class home
odomain proteins. It is involved in the embryonic development of hind 
limbs musculature [36–39], but whether it has a role in adult myo
genesis is largely unknown. Some insight about PITX1 function in adults 
can be obtained from studies on mice. Pitx1 expression was undetectable 

in adult mouse muscle satellite cells, while the other genes of the family, 
Pitx2 and Pitx3, were expressed in a differentiation-dependent pattern, 
with Pitx2 and Pitx3 silencing impairing myoblast fusion into myotubes 
[40]. Multiple evidence suggests that Pitx2 is an important regulator of 
adult myogenesis [41]. In our study, PITX1 silencing did not impair the 
differentiation of normal MB135 myoblasts, but improved the fusion of 
DUX4-expressing myoblasts which had an initially elevated PITX1 level. 
As PITX isoforms are almost identical in their homeodomains and vary 
mainly in the N-terminal region [36], they can bind similar DNA se
quences [36,42–44]. Thus PITX1 overexpression might possibly inter
fere with other isoforms’ signaling due to competition for binding sites. 
In fetal myogenesis, Pitx2 and Pitx3 control ROS levels during the 
transition from proliferation to differentiation, and their absence leads 
to irreversible DNA damage and apoptosis, mostly due to the direct 
downregulation of Nrf1 and its downstream genes with antioxidant 
function [45]. Importantly, the timeline of redox regulation by Pitx2 and 
Pitx3 is in accordance with our data, demonstrating that the antioxidant 
treatment is effective only before differentiation. Redox regulation by 
Pitx2 and Pitx3 happens before and during the differentiation onset, 
thus their signaling can only be modulated at myoblasts level. This 
agrees with our data demonstrating that antioxidants were only effective 
in pretreatment. 

In conclusion, we demonstrated the involvement of mitoROS in 
DUX4-induced myogenic differentiation impairment. Using a tran
scriptomic approach, we identified a subset of genes deregulated by 
DUX4 indirectly, via ROS as potential targets for future FSHD treatments 
and validated our approach by silencing PITX1 expression. This 
approach can be used in other circumstances and oxidative stress-related 
diseases. 

4. Materials and Methods 

4.1. Cell cultures 

Normal human immortalized myoblasts (MB135) derived from the 
muscle biopsy of a healthy individual with the normal number of D4Z4 
repeats and MB135 myoblasts with Doxycycline-inducible DUX4 
expression (MB135-DUX4) [2]were a kind gift of Dr.Stephen Tapscott. 
Cells were cultured at 37 ◦C, 5% CO2 in the growth medium composed 
of 60% DMEM (Sigma Aldrich, D5796), 25% 199 Medium (Sigma 
Aldrich, M4530) and 15% FBS (Life technology, 10270) supplemented 
with 0.5 ng/ml bFGF (Life technology, PHG0026), 0.2 ug/ml Dexa
methasone, 100 units/mL penicillin and 100 μg/ml streptomycin 
(Thermo Fisher, 15140122). 

4.2. Antioxidant treatment 

Cells were plated onto 100 mm Petri dishes (1 × 106 cells per dish) or 
6-well plates (2 × 10^5 cells per well) and left overnight for attachment. 
The next day the cells were treated with antioxidants (100 μM Tempol, 
20 nM or 40 nM SkQ1), left to proliferate in the antioxidant-containing 

Fig. 3. Identification of genes deregulated by DUX4 via oxidative stress. (A) Volcano plot and heatmap for the genes differentially expressed between MB135- 
DUX4 and MB135 myoblasts. Experiments were performed in biological duplicates. The genes with padj <0.01 and |log2Fold| > 1 were considered significant. The 
heatmap shows 50 significant genes with the lowest padj. The color scale represents relative expression levels as row mean-centered rlog normalized counts. Hi
erarchical clustering was performed using Euclidean distance. The volcano plot shows all the genes differentially expressed between MB135-DUX4 and MB135, with 
the genes passing the significance threshold of padj < 0.01 colored blue (log2Fold < − 1, downregulated) or orange (log2Fold > 1, upregulated). Darker colors 
correspond to lower padj values. 
(B) Schematic representation of the DUX4-driven gene expression deregulation and the venn diagram showing the numbers of differentially expressed genes in 
different comparisons (with padj < 0.01 and |log2Fold| > 1). 200 genes that were differentially expressed between MB135 and MB135-DUX4, but not between 
MB135 and MB135-DUX4 treated with SkQ1 or Tempol, were considered antioxidant-sensitive. (C) Gene Ontology Slim annotation of the 200 genes falling into the 
antioxidant-sensitive group. (D) Gene Ontology overrepresentation analysis of the 200 genes falling into the antioxidant-sensitive group. (E) Heatmap for 10 selected 
differentially expressed genes from the antioxidant-sensitive group. The genes are significantly differentially expressed between MB135 and MB135-DUX4 cells (with 
padj < 0.01 and |log2Fold| > 1), but not between the MB135 and MB135-DUX4 cells treated with antioxidants. The color scale represents relative expression levels as 
row mean-centered rlog normalized counts. Hierarchical clustering was performed using Euclidean distance. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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medium for 4 days and then used for differentiation experiments, flow 
cytometry, RT-qPCR or RNAseq. 

4.3. Myoblast differentiation 

Differentiation of MB135 cells was induced in 100% confluent cell 
cultures by replacing the Growth Medium with a low-serum Differenti
ation Medium composed of 98% DMEM (Sigma Aldrich, M4530) and 2% 
FBS (Life technology, 10270) supplemented with 10 ug/ml Insulin, 5.5 
μg/ml Transferrin, 6.7 ng/ml Sodium Selenite (Insulin-Transferrin-Se
lenium Supplement 100X, Thermo Fisher, 51500056), 100 units/mL 
penicillin and 100 μg/ml streptomycin (Thermo Fisher, 15140122). 
After 2–4 days of differentiation (denoted in the figures) the cells were 
fixed with 4% PFA for 5 min (Euromedex) and stained either with May- 
Grunwald Giemsa or antibodies. 

4.4. May-Grunwald Giemsa staining 

The wells with PFA-fixed cells were washed with phosphate-buffered 
saline (PBS), and stained with 200 μL of May-Grunwald dye for 5 min. 
Then 1 ml of PBS was added to the wells without May-Grunwald dye 
removal and the cells were stained for additional 15 min in the diluted 
May-Grunwald solution. Afterwards the wells were washed 3 times with 
distilled water, stained for 1 h with 1 ml of Giemsa stain (diluted 1:10 in 
PBS), washed with distilled water again and let dry. All procedures were 
performed at room temperature. The samples were observed and pho
tographed using the Axio Imager microscope (Zeiss). Five random fields 
of view were captured for each sample. 

4.5. Immunostaining 

The cells were fixed with 4% PFA (Euromedex) for 5 min, per
meabilized with 0.25% Triton X-100 (Sigma-Aldrich, T8787) for 5 min 
and blocked with 0.5% BSA (Euromedex) for 1 h. To stain the myotubes, 
the slides were incubated with primary monoclonal anti-troponin T 
antibodies (mAb, Sigma-Aldrich, T6277) diluted 1:50 for 2 h and then 
secondary anti-mouse Alexa-488 IgG conjugated antibodies (Life Tech
nologies, A-21200, 1:100, excitation/emission: 488/519 nm, green 
fluorescence) for 1 h at room temperature. The slides were then 
mounted with a DAPI-containing mounting medium (Vector Labora
tories) and let dry for 1 h. The stained myotubes were observed and 
photographed with a fluorescent microscope (Microvision instruments) 
(Excitation/Emission: 488/519 nm). The images from adjacent fields of 
view were stitched together using Cartograph software (Microvision) to 
create a large image of the specimen. For each specimen 5–6 large im
ages were generated. 

4.6. Differentiation assessment 

Image analysis for differentiation assessment was performed via 
Java-based image processing program Image J. For Giemsa stained 
slides, 5 fields of view per sample were captured and the areas of the 
myotubes in each field were measured. The structure with no less than 
four nuclei was considered a myotube. The mean myotube area for each 
sample was calculated. The procedure was repeated in three indepen
dent experiments. For immunostained slides, 5–6 large stitched images 
per sample were generated. For each large image of the specimen, the 
normalized troponin area (NTA) was calculated by dividing the overall 
troponin-positive area by the overall number of nuclei. The mean NTA 
was obtained for each specimen. The procedure was repeated in three 
independent experiments. 

4.7. Flow cytometry 

For flow cytometry the cells (non-treated or treated with antioxi
dants as described in the “Antioxidant treatment” of Materials and 
Methods) were incubated with 10 μM of general oxidative stress indi
cator CM-H2DCFD (Thermo Fisher, C6827) for 30 min or with 200 nM of 
ratiometric mitochondrial lipid peroxidation indicator MitoCLox [23] 
for 5 h. Then the cells were washed with PBS two times, lysed with 
Trypsin-EDTA solution (Sigma aldrich, T3924) and collected (on ice) 
into flow cytometry tubes with 200 μl of serum-containing Growth 
Medium to inactivate trypsin. The fluorescence was measured using BD 
FACS Aria III equipped with 5 lasers (375 nm, 405 nm, 488 nm, 561 nm, 
and 633 nm). For CM-H2DCFD, the mean fluorescence for each sample 
was calculated and the mean background fluorescence of a non-stained 
sample was subtracted from all the values. MitoCLox ratiometric anal
ysis was performed using the Flowing software 2.4 (Cell Imaging Core, 
Turku Centre for Biotechnology). The same cell-culture density for all 
the samples was confirmed before running the assay as it is crucial for 
between-sample comparisons as reported before [24]. For the apoptosis 
assay, the cells were treated with 200 or 400 uM of H2O2 for four days 
and then stained with Annexin V with eBioscience™ Annexin V-FITC 
Apoptosis Detection Kit (Life Technologies #BMS500FI-20) according to 
the manufacturer’s instructions. Stained cells were analyzed on a C6 
flow cytometer (BD Biosciences). 

4.8. RNA-seq 

The samples were prepared in biological duplicates. The cells were 
grown on 100 mm Petri dishes and treated with antioxidants as 
described earlier. RNA was extracted using Nucleospin RNA isolation kit 
(Macherey–Nagel, 740955) according to the manufacturer’s protocol. 
RNA-seq libraries were prepared using the Agilent SureSelect Auto
mated Strand-Specific RNA Library Prep, with polyA selection. Prepared 

Fig. 4. PITX1 expression is redox-sensitive and can be silenced to improve the differentiation of MB135-DUX4 myoblasts. (A)PITX1 expression assessed by 
RT-qPCR. Myoblasts were treated with 40 nM SkQ1 or 100 uM Tempol for four days or 200–600 uM H2O2 for 24 h. The data are represented as mean relative 
expression ± SEM, N = 4–10. Mean value for the MB135 cells is set to 100%. (B) Regions upstream of PITX1 contain potential ARE sequences. Blue triangles mark 
potential AREs, numbers indicate the distances in base pairs from the start of PITX1 gene. Seq1 and Seq2 are the sequences used for reporter assays. Genomic 
coordinates are for GRCh38. (C) Dual luciferase reporter assay for enhancer activity of potential ARE-containing sequences. Seq1 and Seq2 sequences were cloned 
into pGL3 luciferase reporter plasmid upstream of the SV40 promoter. MB135 and MB135-DUX4 cells were treated with 400 uM H202 for 24 h and then transfected 
with the pGL3-Seq1/Seq2 plasmids and pCMV-Red Firefly Luc plasmid, used as a as a normalization control. The data are presented as mean relative luciferase 
activity ± SEM, mean luciferase activity in the cells transfected with a pGL3 control vector, containing an SV40 enhancer, is set to 100%. N = 4–5. (D) PITX1 
expression four days after siRNA transfection. Myoblasts were seeded on six-well plates (2 × 105 cells/well) and transfected with scr siRNA (negative control) or 
siRNA against PITX1 the next day. The cells were left to proliferate in siRNA-containing medium for 4 days and then PITX1 expression was assessed by RT-qPCR. The 
data are presented as mean relative expression ± SEM, mean value for non-transfected MB135 cells is set to 100%, N = 3. (E) Myotubes formed by MB135 and 
MB135-DUX4 myoblasts upon PITX1 siRNA knockdown. The cells were seeded and treated as described in (D). After 4 days of proliferation with siRNA, myoblasts 
were induced to differentiate by serum starvation. On the fourth day of differentiation, the cells were fixed and stained with monoclonal antibodies against skeletal 
troponin T (green) and DAPI (blue). To create a large image of the specimen, the images from adjacent fields were captured and stitched together using Cartograph 
software (Microvision). Differentiation efficiency was assessed by measuring the troponin T - positive area normalized to the number of nuclei and the fusion index in 
5–6 large images per sample. The fusion index is defined as the percentage of nuclei residing inside the troponin T-positive area. The data are presented as mean ±
SEM, N = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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libraries were sequenced on an Illumina HiSeq2000. Raw paired-end 
sequence reads were mapped to the human transcriptome (Homo sapi
ens genome sequence GRCh38 with v99 gene annotations downloaded 
from Ensembl) using STAR (release 2.7.3a) [46] in the 2-pass mode. 
Multiple-mapping reads were excluded (-outFilterMultimappedNmax 
1). Reads were assigned to genes via featureCounts (v 2.0.0) [47] 
including fractions. Differential expression analysis was performed 
using the DESeq2 R package [48]. Genes with |log2Fold change| > 1 and 
padj <0.01 were considered significantly differentially expressed. The 
genes differentially expressed between MB135-DUX4 and MB135, but 
not between MB135-DUX4 + Tempol/SkQ1 and MB135, were consid
ered sensitive to antioxidant treatment. These treatment-sensitive genes 
are listed in the Supplementary Table 1. Supplementary Table 2 contains 
summary statistics for the RNA-Seq transcriptomics data. Raw fastq files, 
raw counts matrix and tables with differentially expressed genes are 
deposited to GEO (accession number GSE173762). 

4.9. Gene Ontology (GO) analysis 

GO analysis was performed using WebGestalt2019 [49]. Enrichment 
analysis was performed using over-representation analysis (ORA) 
method against the Gene Ontology Biological Process (noRedundant) 
functional database with all the genes detected in the RNA-seq experi
ment as a background. p-values were adjusted using 
Benjamini-Hochberg multiple testing correction. 

4.10. RT-qPCR 

Total RNA was isolated from the cultured cells using Nucleospin RNA 
isolation kit (Macherey–Nagel, 740955) following the manufacturer’s 
protocols. Reverse transcription was carried out with 1000 ng of total 
RNA using RevertAid reverse transcriptase (Thermo Fisher, EP0441) 
according to manufacturer’s instructions. The resulting cDNA was used 
to perform Real-time qPCR with PowerUp™ SYBR™ Green Master Mix 
(Life Technologies, A25778), following the manufacturer’s protocols. 
The reaction was performed in a StepOnePlus thermal cycler (Life 
Technologies) in the following conditions: 50 ◦C 2’ → 95 ◦C 2’ → (95 ◦C 
15′′, 60 ◦C 1′) x 40. The relative gene expression was calculated using the 
2 − ΔΔCt quantification method. Primer sequences are as follows:PITX1 F 
5′-TCCACCAAGAGCTTCACCTT-3′PITX1 F 5′-TCCACCAA
GAGCTTCACCTT-3′, PITX1 R 5′-CGGTGAGGTTGTTGATGTTG-3′, 
ZSCAN4 F: 5′-GGGAGCAGGGTGTATCTCTC-3′, 

ZSCAN4 R: 5′-ACTCGGGACAAACAAATGGC-3’. 
TRIM43 F: 5′-ACCCATCACTGGACTGGTGT-3′, 
TRIM43 R: 5′-CACATCCTCAAAGAGCCTGA-3’. 

4.11. Plasmid constructs 

Putative ARE-containing sequences upstream of PITX1 gene (Seq1: 
chr5 135034835–135035789, 977 bp, 3 putative AREs; Seq2: chr5 
135038013–135039454, 1461 bp, 5 putative AREs) were amplified 
from the gDNA of MB135 human myoblasts with the following primers: 

Seq1 F 5′-TAAATTACGCGTGCCTGCGCTCTAATGGG-3’. 
Seq1 R 5′-ATACAAAGATCTCAGCTGACCCTGG-3’. 
Seq2 F 5′-ATGTATGCTAGCAGGACTGCCGCC-3’. 
Seq2 R 5′-TAAGGTCTCGAGCCTTCGAGGCAGC-3′, and cloned into 

the pGL3-Promoter vector (Promega) upstream of the SV40 promoter 
and luciferase reporter gene into MluI, BglII, NheI, XhoI restriction sites. 

4.12. Dual luciferase reporter assay 

Dual luciferase reporter assay for assessing the enhancer activity of 
Seq1 and Seq2 in human myoblasts MB135 and MB135-DUX4 was 
performed with a Pierce Renilla-Firefly Luciferase Dual Assay Kit 
(Thermo Fisher, 16186) according to the manufacturer’s protocol. The 
cells were seeded onto 48-well plates at a density of 4.5 × 104 cells per 

well and transfected the next day in the state of 70–80% confluence with 
the total of 300 ng of DNA per well. Transfection was performed with 
TurboFect Transfection Reagent (Thermo Fisher, R0533) according to 
the manufacturer’s instructions. pGL3-control vector (Promega, E1741) 
containing SV40 enhancer, pGL3-basic vector (Promega, E1751) and 
pCMV-Red Firefly Luc vector (Thermo Fisher, 16156) were used as 
positive, negative and normalization controls respectively. The lucif
erase activity was assessed 72 h post-transfection. 

4.13. siRNA knockdown of endogenous PITX1 

The cells were seeded on 6-well plates (2 × 105 cells/well) and next 
day transfected with 15 μl of 10 μM PITX1 siRNA (Thermo Fisher, 
AM16708) using Lipofectamine RNAiMAX reagent (Thermo Fisher, 
13778030) according to the manufacturer’s instructions. Transfection 
was performed in serum-free medium for 5 h.Then the cells were sup
plemented with the 2X growth medium and left to proliferate for 4 days 
before being fixed and analyzed by microscopy. Silencing efficiency was 
monitored on the second and fourth days post-transfection by RT-qPCR 
using the primers listed in Table S2. 

4.14. Statistical analysis 

Statistical analyses were performed in GraphPad Prism 9 using non- 
parametric Kruskall-Wallis test with Dunn’s correction for multiple 
comparisons. P-values less than 0.05 (*), 0.01 (**) and 0.001 (***) were 
considered significant. All data are presented as the mean ± SEM. All 
experiments were performed in no less than 3 biological replicates. The 
number of biological replicates in each experiment (N) is denoted in 
corresponding figure legends. 
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