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Abstract: FacioScapuloHumeral Dystrophy (FSHD) is one of the most frequent in-
herited muscle disorders, and is linked to the inappropriate expression of the DUX4 tran-
scription factor in adult muscles. The deregulated molecular network causing FSHD skel-
etal muscle dysfunction and pathology is still not well understood. It has been shown that 
the hypoxia response factor HIF1α is critically disturbed in FSHD and has a major role in 
DUX4 induced cell death. In this study, we further explore the relationship between DUX4 
and HIF1α. We found that the DUX4 and HIF1α link differed according to the stage of 
myogenic differentiation and was conserved between human and mouse muscle. Finally, 
we found that HIF1α knock-down in an FSHD mouse model exacerbated DUX4-mediated 
muscle damages. Our data indicate that the suggested role of HIF1α in DUX4 toxicity is 
complex and that targeting HIF1α might be challenging in the context of FSHD therapeu-
tic approaches.   
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1. Introduction 

FacioScapuloHumeral muscular Dystrophy (FSHD) is caused by the aberrant expression 
of the DUX4 (DoUble homeoboX) gene in skeletal muscle [1–3]. However, the 
mechanisms leading from DUX4 protein expression to FSHD muscle structural and 
functional alterations are still unclear. 

FSHD is a dominant hereditary disease primarily affecting skeletal muscle. It is 
characterized by a progressive and often left/right asymmetric skeletal muscle weakness 
that initially affects facial muscles, and progresses to shoulder girdle/proximal arm 
muscles, before reaching the lower body, especially lower limb muscles. FSHD does not 
impact life-span but drastically lowers quality of life, as approximately 30% of patients 
become wheelchair-bound by the age of 50 [4,5]. The early-onset infantile patients have 
higher morbidities and mortality because of faster disease progression and a higher rate 
of bulbar, respiratory, and cardiac involvement [6]. FSHD involves complex genetic and 
epigenetic components leading to activation in skeletal muscle of DUX4, a gene which 
codes for a potent transcription factor. DUX4 is normally expressed in germline and early 
embryogenesis, where it plays a role in zygotic genome activation and facilitates 
placentation [7–9]. In adults, DUX4 is normally silenced by DNA methylation except in 
mesenchymal stem cells, keratinocytes and thymus [10,11]. The genetic and epigenetic 
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defect is located in the 4q35 chromosome region at the macrosatellite D4Z4 repeat array, 
which is hypermethylated in healthy individuals and therefore in a closed chromatin con-
formation. FSHD results from the epigenetic derepression of the D4Z4 repeat array, lead-
ing to its hypomethylation and thus, to a more permissive chromatin structure which al-
lows DUX4 gene transcription from the distal D4Z4 unit [2–4]. Indeed, each D4Z4 element 
contains the DUX4 promoter and ORF but lacks a polyadenylation signal (PAS): only tran-
scripts from the distal D4Z4 unit acquire an intron and a PAS by extension to the flanking 
pLAM region allowing for production of a stable mRNA that can express the toxic DUX4 
protein. This PAS sequence is only present on the permissive distal 4qA allele, but not on 
4qB [12,13]. FSHD was divided in two types based on their genetic causes. FSHD1 (95% 
of patients; OMIM #1589000) is linked to a partial deletion of the D4Z4 repeat array (to 1 
to 11 units) leading to epigenetic derepression and DUX4 protein production from a 4qA 
allele. FSHD2 (5% of patients; OMIM #158901), has a digenic inheritance with (1) a less 
shortened D4Z4 array (from 12 to 20 units) on a 4qA allele and (2) a mutation in a gene 
involved in the epigenetic repression of the D4Z4 repeats such as SMCHD1. A recent 
analysis of a large patient cohort suggests that FSHD1 and FSHD2 form a continuum of 
disease severity with increasing prevalence of genetic variants that affect epigenetic 
modifiers of the D4Z4 array leading to a more open chromatin conformation [14]. 

DUX4 encodes a potent transcription factor that has a causal role in FSHD 
pathophysiology [1,3,17–20]. Multiple pathways are affected in FSHD muscles and DUX4 
likely operates in at least four different ways. First, despite its expression pattern in rare 
and short bursts, DUX4 transcriptional activity causes a drastic deregulation of gene 
expression leading to myogenesis defect, oxidative stress and cell death among other 
effects [20]. Several DUX4 direct target genes were identified in murine or human 
myoblasts and includes PITX1 [3], germ-line specific genes [17] as well as genes involved 
in myogenesis [21,22] and oxidative stress response [23–26] (reviewed in [20]). Second, 
based on single cell RNA sequencing (sc-RNAseq) and microarray data, Banerji and 
Zammit have determined that repression of PAX7 target gene signature is a reliable 
biomarker of the pathology and is associated with disease progression [4,21,22]. PAX7 is 
a myogenic transcription factor normally expressed in satellite cells activated for 
regeneration, a process altered by DUX4 in FSHD. The single PAX7 homeodomain is 
similar to those of DUX4, and PAX7 can rescue DUX4-induced cytotoxicity in mouse [23]. 
DUX4 and PAX7 can bind similar DNA elements and compete on reporter target gene 
activation [21]. Third, through a concurrent RNAseq and quantitative proteomic study, 
Jagannathan et al. recently found a large discrepancy between the proteomic and 
transcriptomic landscapes in DUX4 expressing muscle cells. This highlighted the 
disturbance of post-transcriptional processes such as RNA and protein quality control 
pathways in DUX4-mediated deleterious effects in skeletal muscle cells [27,28]. Finally, 
another study hypothesized that DUX4 could, in addition to its transcriptional impact, 
interact with specific protein partners such as cytoplasmic desmin and RNA binding pro-
teins that could consequently impact myogenesis [29,30].  

A molecular map of FSHD-associated interaction signaling based on a meta-analysis of 
microarray data sets from FSHD muscle biopsies have been published and constitutes a 
very useful tool to understand the FSHD pathophysiological mechanisms, and to guide 
therapeutic developments [31]. HIF1α signaling was described as critically perturbed in 
FSHD among other pathways such as WNT pathway. HIF1α is the central effector of the 
compensatory response to hypoxia. In FSHD, PAX7 repression was associated to the 
induction of hypoxia-response genes [21]. Accordingly, Tsumagari et al. had 
independently described HIF1α-signaling network as one of the over-represented 
pathways among FSHD dysregulated genes [32]. This pathway was further identified as 
necessary for DUX4 toxicity by Lek et al. who performed a genome-wide CRISPR-Cas9 
screen to identify genes whose loss-of-function could allow survival of myoblasts 
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expressing DUX4 [33]. They showed that the use of pharmacological HIF1α signaling 
inhibitors could improve DUX4-associated muscle phenotypes in FSHD-like zebrafish 
models.  

Given the numerous processes known to be influenced by HIF1α, and its link with DUX4, 
we wanted to investigate the cause and consequences of its aberrant expression in FSHD. 
HIF1α is the master regulator of physiological adaptive mechanisms in response to 
hypoxia [34]; it induces expression of multiple effector genes that modulate various 
cellular processes such as glucose metabolism and oxidative stress. In skeletal muscle, 
hypoxia modulates not only muscle fiber type profile but also myogenesis, regeneration 
and vascularization. Activation of HIF1α or HIF2α can also be involved in pathological 
conditions independently from hypoxia. This “pseudohypoxia” was mostly described in 
the field of cancer [35]. In FSHD, available data suggest that the primary genetic defect per 
se could be responsible for HIF1α pathway disturbance through a putative DUX4-HIF1α 
axis. In addition, as previously reviewed and discussed in [36], it is important to note that 
additional causal mechanisms (hypoxemia resulting from respiratory insufficiency, 
ischemia caused by blood vessel abnormalities) could also participate in FSHD-associated 
dysregulation of HIF pathway in particular patient subgroups.  

In the context of FSHD, it is important to note that HIF1α promotes a metabolic switch in 
favor of anaerobic glycolysis, the metabolism typically encountered in embryogenesis, 
where DUX4 and mouse Dux have a function in zygote genome activation [7,8,37]. Indeed, 
exposure of skeletal muscle cells to hypoxic conditions leads to HIF1α activation and 
subsequently to the up-regulation of 11 genes encoding for glycolytic enzymes [38]. 
Moreover, besides its effect on glycolysis, HIF1α reduces oxidative phosphorylation 
(OXPHOS) through the induction of pyruvate dehydrogenase kinase 1 (PDK1) [39]. PDK1 
inactivates a subunit of pyruvate dehydrogenase (PDH) which metabolizes pyruvate at 
the mitochondrial membrane for entry into the tricarboxylic acid (Krebs) cycle [40]. 
Interestingly, most stem cell types reside in hypoxic niches where HIF1α controls 
pluripotency gene expression, promotes glycolytic metabolism and inhibits 
mitochondrial biogenesis. Since physiological DUX4 expression and function normally 
take place in the embryo, we can hypothesize that aberrant DUX4/HIF1α activation could 
contribute to metabolic disturbances in adult FSHD muscle cells. As mentioned above, 
HIF1α is known to modulate skeletal muscle differentiation and regeneration. Indeed 
activation of HIF1α by hypoxia exposure or by chemical activation was shown to have 
harmful effects on myogenic differentiation in murine muscle cells in vitro and delays or 
represses muscle regeneration after injury in mice (as we reviewed in [41]). Myogenic 
differentiation defects are a well know characteristic of FSHD. Indeed, FSHD myotubes 
display morphological features of aberrant differentiation leading to two major 
phenotypes: (I) myotubes with a thin, elongated morphology described as an hypotrophic 
(initially named “atrophic”) phenotype; (II) myotubes displaying clusters of myonuclei 
and dysregulation of microtubule network, considered as ‘disorganized’ [42,43]. We 
therefore hypothesize that DUX4-induced HIF1α pathway misregulation could 
participate in FSHD-associated defect in adult myogenesis.  

The present study aimed to decipher the causal link between DUX4 and HIF1α during 
early and late human muscle cell differentiation. We further studied DUX4-mediated 
HIF1α pathway changes in mature muscle with a murine model of local DUX4 expression 
we had previously developed [44]. Finally, through specific loss-of-function studies in 
vivo, we also investigated for the first time the effect of a targeted HIF1α knock-down on 
DUX4-mediated muscle lesion. We found that the link between DUX4 and HIF1α was 
conserved between human and mouse and depended on the myogenic differentiation 
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stage. Interestingly, we showed that inhibiting HIF1α in a mouse model of DUX4 expres-
sion exacerbated DUX4 toxicity suggesting that targeting the DUX4-HIF1 α axis is trickier 
than expected in the context of a therapeutic approach for FSHD.  

2. Results 
2.1. Effect of DUX4 expression on HIF1α protein level in myoblasts and myotubes in vitro 

We used the genetically-engineered human LHCN-M2-iDUX4, myoblast line with 
doxycycline (DOX)-inducible DUX4 expression, engineered from the immortalized 
human myoblast line LHCN-M2 [45,46]. DUX4 induction was first evaluated by the 
resulting cell toxicity determined using MTT and CCK8 viability assays 24h after DOX 
addition. These tests were performed in LHCN-M2-iDUX4 myoblasts (Figure S1B and D) 
as well as on LHCN-M2 to test DOX toxicity per se (Figure S1A and C). DUX4 induction 
had no effect on cell viability up to 62.5 ng/ml DOX. From 125 ng/ml and above, a 
significant decrease of viability was observed in both the MTT and CCK8 tests (Figure 
S1B and D). DOX exposure per se had no effect on myoblast viability in the absence of 
DUX4 expression as verified in LHCN cells (Figure S1A and C). The production of the 
DUX4 protein was also checked by immunofluorescence (IF) in LHCN-M2-iDUX4 
myoblasts (Figure S1E). At 15.6 and 31.2 ng/ml, we detected 32% (± 4%) and 56% (± 6%) 
of DUX4-positive (DUX4+) nuclei, respectively. Between 62.5 ng/ml and 250 ng/ml of DOX, 
we detected up to 80% of DUX4+ nuclei but this percentage was not significantly different 
among these higher doses. The dose of 62,5 ng/ml of DOX was therefore selected for 
further experiments because it showed the best DUX4 induction with no effect on cell 
viability.  

The impact of DUX4 on HIF1α mRNA and protein level was then studied in LHCN-
M2-iDUX4 myoblasts in proliferation (myoblasts), as well as in early (myocytes) and late 
(myotubes) differentiation stages. DUX4 expression nearly halved the proportion of 
HIF1α-positive (HIF1α+) nuclei in proliferating myoblasts (Figure 1A-C) with control cells 
presenting 44 % (± 3%) of cells with nuclear HIF1α+ nuclei but only 26% (±5%) of HIF1α+ 
nuclei with DUX4. Accordingly, HIF1α mRNA level was halved in proliferating myoblasts 
expressing DUX4 (Figure 1D). In myocytes, the percentage of HIF1α+ nuclei strongly 
trended toward a decrease without reaching the statistical significance (p=0.051, t-test) 
(Figure 1E-G) and HIF1α expression was not significantly modified at the mRNA level 
(Figure 1H). In myotubes, the percentage of HIF1α+ nuclei doubled upon DUX4 induction 
(31% ±5%) compared to uninduced controls (16%±4%)(Figure 1I-K). Concomitantly, 
HIF1α mRNA level was significantly increased (Figure 1L). Intriguingly, only 48% of 
HIF1α+ nuclei presented DUX4 immunofluorescence staining (Figure 1M-N). 

 
2.3. Effect of DUX4 expression on HIF1α pathway in vitro 
To further determine the impact of DUX4 on the HIF1α pathway, we studied the effect of 
DUX4 expression on two direct HIF1α transcriptional targets: VEGF and PDK1. PDK1 
mRNA level was decreased twofold in proliferating myoblasts expressing DUX4 (p<0.01, 
T-test), but VEGF mRNA level was not significantly modified as compared to non-induced 
cells (Figure 2A). In agreement with our results obtained at the RNA level, western 
blotting showed a significant decrease of PDK1 protein abundance in proliferating 
myoblasts after DOX induction (Figure 2B-C). In myocytes expressing DUX4, the mRNA 
level of both HIF1α target genes was not significantly modified (Figure 2D) but PDK1 
protein relative abundance was reduced, as observed in myoblasts (Figure 2E-F). In 
myotubes, similarly to the results obtained for HIF1α, the mRNA level of its target genes 
PDK1 and VEGF were significantly increased 3- and 4-fold, respectively (Figure 2G). 
However, surprisingly, PDK1 protein level was significantly decreased upon DUX4 
expression (p<0.01, T test; Figure 2H-I). 
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Figure 1. Effect of DUX4 induction on HIF1α expression and protein level in myoblasts (24h of DUX4 induction; upper panel), 
myocyte (48h of DUX4 induction; middle panel) and myotubes (48h of DUX4 induction; lower panel). Differentiation was induced 
for two (myocytes) or four days (myotubes) after the cells reached 100% confluence. Cells were fixed in 4% PAF and incubated with 
HIF1α antibody and a secondary antibody coupled to Alexa Fluor (red). A-E-I. Representative fields showing HIF1α positive 
(HIF1α+) nuclei detected by immunofluorescence (red). DAPI was used to visualize nuclei (blue). Scale bar= 100µm. B-F-J. Experi-
ment time courses. C-G-K. Quantification of HIF1α+ nuclei normalized to the total number of nuclei (DAPI). N=3, mean ± SEM, 
**p<0.01, T-test. D-H-L. Relative HIF1α mRNA level normalized to RPLP0 RNA (RT-qPCR, see Methods). N=4 for myoblasts, N=3 
for myocytes and myotubes; mean ± SEM, *p<0.05, **p<0.01, T-test. M. Proportion of DUX4+ nuclei among HIF1α+ nuclei. N. Repre-
sentative field showing HIF1α+ (red) and DUX4+ (green) staining by immunofluorescence. DAPI was used to visualize nuclei (blue). 
All experiments were performed on 3 independent cultures, each at least in triplicate.  
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Figure 2. Effect of DUX4 induction on HIF1α target genes in myoblasts (24h of DUX4 induction; upper panel), myocytes (48h of 
DUX4 induction; middle panel) and myotubes (48h of DUX4 induction; lower panel). A-D-G. Relative levels of PDK1 and VEGF 
mRNAs quantified by RT-qPCR and normalized to RPLP0 RNA. N=4 for myoblasts, N=3 for myocytes and myotubes; mean ± SEM, 
*p<0.05, **p<0.01, ***p<0.001, T-test. B-E-H. PDK1 protein level determined by Western blot. Densitometry signal was normalized to 
total protein stained by Ponceau red. N=6 for myoblast and myocytes, n=3 for myotubes, *p<0.05, Rank sum test for myoblasts and 
myocytes, and T-test for myotubes. C-F-I. Representative Western blot for PDK1 detection in LHCN-M2-iDUX4 cells induced with 
62.5 ng/mL doxycycline for 24h and Ponceau red staining. 
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2.4. Effect of DUX4 on HIF1α expression in mouse myoblasts 
Since many DUX4-mediated signaling alterations were conserved between human and 
mouse [31], we investigated whether the effect of DUX4 expression on HIF1α mRNA level 
observed in human myoblasts was conserved in murine muscle cells. To this aim, we used 
iC2C12-DUX4 cells derived from mouse C2C12 myoblasts and harboring a DOX-
inducible DUX4 gene [23]. LHCN-iDUX4 and iC2C12-DUX4 were both induced using 
increasing DOX doses. In both cell lines, DUX4 expression decreased the proportion of 
HIF1α+ nuclei. However, the basal level of HIF1α+ nuclei in mouse myoblasts was higher 
than in human myoblasts. Indeed, human myoblasts displayed 44% (± 3%) of HIF1α+ 
nuclei while mouse myoblasts presented 73% (± 4%) of HIF1α+ nuclei (Figure 3). 
Moreover, in human myoblasts, low doses of DOX were sufficient to decrease the 
percentage of HIF1α+ nuclei. Indeed, at the dose of 15.6 ng/ml of DOX, a significant 
decrease of the number of HIF1α+ nuclei was observed (p<0.001, One Way ANOVA), 
while in mouse myoblast, the reduction of HIF1α+ nuclei could only be seen from 31.2 
ng/ml of DOX (p<0.01, One Way ANOVA) (Figure 3).  

Figure 3. Effect of DUX4 on the number of HIF1α-positive nuclei (HIF1α+) in mouse vs human 
myoblast. 200 000 cells were seeded per well in 6-well plates and induced for 24 h with increasing 
doses of doxycycline (DOX, ng/ml). HIF1α was detected by immunofluorescence (IF). A. Quantifi-
cation of HIF1α+ nuclei normalized to the total number of nuclei (DAPI staining) in LHCN-iDUX4 
myoblasts. Mean ± SEM, ***p<0.01, One way ANOVA with Holm Sidak post hoc test vs the control 
(DOX : 0 ng/ml). B. Quantification of HIF1α+ nuclei normalized to the total number of nuclei (DAPI) 
in iC2C12 myoblasts. Mean ± SEM, **p<0.01, *** p<0.001, One way ANOVA with Holm Sidak post 
hoc test vs the control (DOX : 0 ng/ml). The experiments were performed on 3 independent cultures, 
each in triplicate (n=3).  

 
2.5. Effect of DUX4 expression on the HIF1α pathway in a murine model in vivo  
To investigate the potential link between DUX4 and the HIF1α pathway in a mature 
muscle in vivo, we used the DUX4 IMEP model we had previously developed [44]. In this 
model, a DUX4 expression plasmid (pCIneo-DUX4) is injected in the Tibialis Anterior (TA) 
hindlimb muscle followed by electroporation (IMEP) leading to local DUX4 expression 
and myopathy. First, a dose–response analysis was performed with increasing doses of 
pCIneo-DUX4, using the backbone control plasmid (pCIneo) or a saline solution as negative 
controls. TA muscles were harvested 7 days post IMEP, embedded and frozen. 
Cryosections were stained using Hematoxylin-Eosin-Heindehain blue staining (HEB). 
The quantification of muscle damage characterized by extracellular matrix expansion and 
hypotrophic myofibres was reported to total muscle section and performed as described 
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in [44]. However, at 14 and 21 days after pCIneo-DUX4 electroporation, the TA muscle of 
DUX4-IMEP mice no longer exhibited these histological features but presented many 
fibers with centrally located nuclei suggesting muscle regeneration (Figure 4A). Upon 
quantification of the damaged area, we found no statistical difference between the saline 
and the pCIneo control plasmid groups, therefore, we pooled data from both groups into 
a single control group. The lowest pCIneo-DUX4 dose causing a significant increase of the 
damaged area (median of 20%) compared to the control group (median of 7%) was 5µg 
(p<0.05, ANOVA on Ranks followed by Dunn's post hoc test; Figure 4A and B). To check 
DUX4 biological activity, we quantified the mRNA level of its mouse target gene Wfdc3. 
We found no statistical difference in Wfdc3 mRNA level between the saline and the pCIneo 
control plasmid groups, therefore, we pooled data from both groups into a single control 
group. A significant increase in Wfdc3 mRNA level was detected by RT-qPCR at days 1, 3, 
7 and 14 post-injection, confirming DUX4 expression in the injected TA (Figure 4C). 
However, we could not detect the increase of Wfdc3 mRNA level anymore at 21 days post-
injection. We then investigated Hif1α pathway alterations in this model at 1, 3, 7 and 14 
days post-injection. No significant difference was detected in Hif1α mRNA level and its 
target gene Pdk1 regardless the timepoint. However, at one day post-injection, a 
significant increase of Vegf mRNA level was observed in the control mice injected with 
pCIneo as compared to saline. This increase was not detected with pCIneo-DUX4 injection 
(Figure 4D). 

Figure 4. Effect of DUX4 induction on Hif1α pathway in the DUX4 IMEP murine model used with a low dose of DUX4 expression 
plasmid. A. Representative sections of TA electroporated with 5 µg of (left column) pCIneo or (right column) pCIneo-DUX4 plasmids 
at 7-, 14- and 21-days post-injection. Scale = 100µm. B. Dose–response of plasmid amount vs muscle lesion area in mouse TA, 1-week 
post IMEP procedure. Lesion area percentage was evaluated on total cryosection of medial and proximal part of TA electroporated 
with different doses of a DUX4-expression plasmid (pCIneo-DUX4). Results obtained from saline solution injected groups and pCIneo 
group were pooled into a single control group, as no statistical difference could be highlighted between groups whatever time points. 
* p< 0,05, ** p< 0,01, ***p<0,001, Kruskal Wallis followed by Dunn's post hoc test. Control group n=10, 0,5 µg and 1µg n=2, 5µg n=6, 
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10 µg n=7, 20µg n=8, 40µg n=4. C. Effect of DUX4 induction on Wfdc3 mRNA level in the IMEP model. Expression is normalized to 
Rplp0 RNA, * p< 0,05, ** p< 0,01; Kruskal Wallis followed by a Dunn’s post-hoc test. For 1- and 3-day group: pCIneo-DUX4 n=4, pCIneo 
n=6, saline n=2. For 7- and 14-day groups: pCIneo-DUX4 n=3, pCIneo n=3, saline n=4. For the 21-day group: pCIneo-DUX4 n=3, pCIneo 
n=4, saline n=4. Results obtained from saline solution injected groups and pCIneo group were pooled into a single control group, as 
no statistical difference could be highlighted between groups whatever time points. D. Effect of DUX4 induction on Hif1α mRNA 
level in the IMEP model. Expression is normalized to Rplp0 gene. *p< 0,05, **p< 0,01; Kruskal Wallis followed by a Dunn’s post-hoc 
test. For 1- and 3-day group: pCIneo-DUX4 n=4, pCIneo n=6. For 7- and 14-days group: pCIneo-DUX4 n=3, pCIneo n=4. For the 21-day 
group: pCIneo-DUX4 n=3, pCIneo n=4. Results obtained from saline solution injected groups from all time points, were pooled to-
gether, as no statistical difference could be highlighted between groups whatever time points for all tested genes, saline group n=14. 

In contrast to the data that we obtained in human myoblasts and myotubes, DUX4 expres-
sion did not affect the HIF1α pathway in mouse adult myofibers in the DUX4 IMEP model 
at the investigated time post injection and by using a 5-µg dose of DUX4 expression plas-
mid. The first hypothesis that would explain those divergent results was that DUX4 could 
influence the HIF1α pathway in human but not in murine muscle cells. However, we have 
shown that DUX4 could decrease the number of HIF1α+ nuclei in murine as well as in 
human myoblasts (Figure 3). We therefore investigated whether HIF1α dysregulation 
could constitute an early event following DUX4 expression. To this aim, and to respect the 
ethical principle of reduction of animal experimentation, we first selected the most rele-
vant acute timepoints in a model in vitro. C2C12 murine myoblasts were transfected with 
pCIneo-DUX4 because this method was closer to the conditions used in the DUX4 IMEP 
model in vivo as compared to DUX4 inducible cell models (Figure 5B). To evaluate the 
kinetic of DUX4 target gene transcription following the transfection, we quantified, by RT-
qPCR, the mRNA levels of two DUX4 target genes, Wfdc3 and Zscan4. We could detect a 
significant increase of Zscan4 expression at 5h and 6h post transfection of 4- and 17-fold, 
respectively. There was also an 8-fold increase in Wfdc3 mRNA level at 6h only. The Hif1α 
pathway was therefore investigated at these timepoints in the DUX4 IMEP model. To in-
crease the model sensitivity, we also increased the dose of pCIneo-DUX4 up to 20µg to 
detect a highly significant (compared to 5µg) increase of the muscle lesion area (median 
of 26%) (p<0.001, ANOVA on Ranks followed by Dunn's post hoc test; Figure 5A and 4B). 
At 6h, 1 day and 7 days post-injection, a significant increase of Wfdc3 mRNA was detected, 
confirming DUX4 expression in the injected TA (Figure 5C). Concerning Hif1α mRNA 
level, an increase was observed in TA 6h after injection of pCIneo-DUX4 and pCIneo. At 1 
day post injection, Hif1α expression was only increased in the pCIneo-DUX4 group, as 
compared to the control groups injected with the pCIneo plasmid or the saline solution. 
However, the expression of target genes Pdk1 and Vegf was not significantly modified 
whatever experimental group and time point (Figure 5D).  

2.7. Contribution of Hif1α to the developpement of muscle lesions induced by DUX4. 

Since DUX4 deregulated Hif1α mRNA level in mouse TA muscle, we determined the in-
volvement of Hif1α in DUX4-mediated muscle damages in vivo through loss-of-function 
experiments by using siRNAs targeting Hif1α transcripts (siHIF1α) in the DUX4 IMEP 
model. We first checked siHIF1α efficiency through a dose response analysis and found 
that 2µg of siHIF1α allowed a significant twofold downregulation of Hif1α mRNA level as 
compared to the TA injected with the control siRNA (siCTL) or saline (Figure 6A). To 
evaluate the implication of Hif1α in muscle lesions induced by DUX4, we used as outcome 
measure the global quantification of the damaged surface area in the TA muscle in the 
DUX4 IMEP model at 7 days. The pCIneo-DUX4 DNA was injected alone or in combina-
tion with 2µg siCTL or siHIF1α (Figure 6B). A significant 10% increase of muscle lesion 
area was observed in the siHIF group, as compared to the siCTL and saline groups (Figure 
6C). The muscle damage of the siHIF group was characterized by extracellular matrix ex-
pansion (as shown by HEB staining), and increased number of smaller fibers. 
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Figure 5. Early effects of DUX4 expression on HIF1α pathway in vivo in the DUX4 IMEP mouse model with a high dose of DUX4 
expression plasmid. A. Representative sections of TA electroporated with saline solution (Left), 20 µg of pCIneo (Middle) or pCIneo-
DUX4 plasmid (Right). Scale = 100µm. B. RNAs of DUX4 target genes, Wfdc3 and Zscan4 were quantified by RT-qPCR in C2C12 myoblasts 
4, 5 and 6h post transfection with pCIneo-DUX4. mRNAs were normalized to Rlpl0 RNA. Kruskal Wallis followed by a Dunn’s post-hoc 
test, * p<0.05. N=5 for control group and n=4 for 4h, 5h, and 6h group. C. Effect of DUX4 induction on Wfdc3 mRNA level was quantified 
by RT-qPCR in the IMEP model. mRNA levels were normalized to Rplp0 RNA. Kruskal Wallis followed by a Dunn’s post-hoc test, *p<0.05. 
N=8. D. Effect of DUX4 induction on Hif1α pathway in the IMEP model. mRNA levels were normalized to Rplpl0 RNA. Kruskal Wallis 
followed by a Dunn’s post-hoc test, *p<0.05. N=8 for each group.  
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Figure 6. Involvement of HIF1α pathway in DUX4-induced muscle damages. A. The efficiency of siRNA directed 
against Hif1α mRNA (siHIF): dose response analysis. The TA muscle was electroporated with either saline solution, 
siCTL or siHIF. Hif1α mRNA level was quantified by RT-qPCR and normalized to Rplp0 RNA. *p<0.05, **p<0.01, Kruskal 
Wallis followed by a Dunn’s post-hoc test. Saline n=10, 0.005 µg, 0.01 µg, 0.05 µg, 0.5 µg and 1 µg n=4, 2µg n=10. B. 
Representative cryosections of TA electroporated with 20 µg of pCIneo-DUX4 plasmid in combination or not with 2µg 
of siCTL or siHIF. Muscle sections were stained with HEB. Top: global view of the muscle sections; Scale = 500µm. 
Bottom: magnification of the damaged area; Scale = 100µm. C. Percentage of lesion area was evaluated on muscle 
stained with HEB as represented in B. Mean ± SEM, *p<0.05, **p<0.01, One way ANOVA followed by Holm-Sidak post-
hoc test. N=4 for each group. 
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3. Discussion 

DUX4-induced HIF1 pathway disturbances depend on the differentiation state of human 
muscle cells.  

The HIF1α signaling pathway was described as critically disturbed in FSHD muscles 
[21,31] and as a key driver of DUX4-induced myoblast death [33]. In the present study, we 
confirmed that HIF1α nuclear protein level was altered in human muscle cells upon DUX4 
expression. However, we discovered that these alterations depended on the stage of my-
ogenic differentiation. Indeed, in proliferating myoblasts, HIF1α was downregulated at 
the mRNA and protein level upon DUX4 expression but in contrast, DUX4 expression in-
duced HIF1α and its pathway in myotubes. At the intermediate differentiation stage (my-
ocytes), HIF1α expression was not significantly modified by DUX4 expression. Previous 
data had suggested that DUX4-mediated cell death required induction of the HIF1α path-
way in another model of DUX4 inducible myoblast (iDUX4-MB135). Indeed, Lek et al. 
showed that HIF1α protein stabilization and nuclear localization upon DUX4 expression 
as well as a colocalization of HIF1α in nuclei with high DUX4 expression suggesting that 
a threshold of DUX4 expression was necessary to trigger HIF1α stabilization [33]. In our 
study, this positive relationship was observed in DUX4-expressing LHCN-M2 myotubes, 
but not in proliferating myoblasts. The use of different muscle cell line is not expected to 
strongly influence the DUX4/HIF1α axis, contrarily to culture conditions. Indeed, addition 
of dexamethasone to the culture medium (as per Lek et al.) was found to lower DUX4 
expression in FSHD myoblasts [47].  Similarly, dexamethasone treatment of human my-
oblasts for 24h decreased expression of VEGF, a HIF1α target gene [48]. Therefore, in our 
study, we cultured myoblasts in a medium lacking dexamethasone, based on the original 
publication which described the inducible LHCN-M2-iDUX4 cell line [24].  

The different regulation of HIF1α upon DUX4 expression in myoblasts and myotubes 
could partly be explained by distinct basal levels of HIF1α according to the differentiation 
stages. Indeed, basal Hif1α protein level was shown to be higher in murine myoblasts 
compared to myotubes. This is unlikely due to different gene expression levels since no 
change in mRNA abundance was seen [49]. Interestingly, Hif1α RNA silencing or protein 
chemical inhibition by echinomycin in mouse muscle cells caused (I) a downregulation of 
the nuclear translocation of MyoD, a transcription factor activated during myoblast dif-
ferentiation (II) and decreased Myogenin and Myosin heavy chain (Myhc) expression, ulti-
mately leading to reduction of myoblast fusion and differentiation indices [50]. On the 
other hand, C2C12 myotubes treated with CoCl2, a chemical activator of HIF1α protein, 
exhibited an increase in the autophagy and atrophy pathways [51]. Moreover, DUX4 im-
pairs myogenic differentiation in human [24] or mouse myoblasts [23]. Several studies 
(transcription profiles and fusion index) with FSHD muscle cells have shown that myo-
genesis was impaired [4,21,24,32,43,52]. In aggregate, these data suggest that the inhibi-
tion of HIF1α in myoblasts and the activation of HIF1α in myotubes by DUX4 could both 
contribute to the myogenesis defect observed in FSHD. 

In myotubes, we observed that only half of HIF1α+ nuclei co-expressed DUX4. This 
suggested a particular kinetic between DUX4 expression and activation of HIF1α produc-
tion and nuclear translocation. Direct or indirect mechanistic hypotheses might be sug-
gested: (I) a direct DUX4-mediated transcriptional regulation of the gene encoding HIF1α. 
As described in [53], the expression dynamics and an asynchronous regulation of DUX4 
and HIF1α half-life could explain why both proteins were detected either individually in 
separate nuclei or together in identical nuclei. (II) DUX4 could activate HIF1α pathway in 
satellite cells by disturbing the ability of PAX7 to regulate its transcriptional network [21]. 
(III) HIF1α could also be stabilized by Reactive Oxygen Species (ROS) through an inhibi-
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tion of prolyl hydroxylase enzymes (PHD) activity [54]. Indeed, several clinical and ex-
perimental studies point to the involvement of an excessive oxidative stress in FSHD 
[25,52,55–59] (As reviewed in [60]). A recent study also showed high mitochondrial ROS 
in FSHD myogenic cells [25]. Thus, DUX4 could cause generation of ROS that should be 
able to stabilize HIF1α protein even in nuclei that do not express DUX4. 

We also further investigated the effect of DUX4 on the HIF1α pathway through the 
analysis of its target gene expression. VEGF and PDK1 were globally repressed in prolif-
erating human myoblasts, unchanged in myocytes and induced in myotubes expressing 
DUX4. In proliferating myoblasts expressing DUX4, PDK1 protein abundance was re-
duced together with its mRNA level. However, in myocytes and myotubes, PDK1 protein 
abundance was further decreased upon DUX4 expression, suggesting a post-translation 
regulation potentially involving additional factors, some of which could be independent 
of HIF1α transcriptional activity. The opposite effects we observed for VEGF and PDK1 
RNA levels in myoblasts (repression) versus myotubes (induction), together with the in-
termediate HIF1α-PDK1 pathway regulation shown in myocytes expressing DUX4, sug-
gested a transition occurring during the differentiation process. Since HIF1α is a master 
regulator of the cell response to alterations in oxygen levels, its sustained stabilization in 
skeletal muscle might affect muscle mass through metabolic disturbances or an increased 
sensitivity to oxidative stress, a major feature of FSHD. Exposure of skeletal muscle cells 
to hypoxic conditions leads to HIF1α activation and the subsequent up-regulation of 
genes encoding enzymes that promote a glycolytic metabolism [38]. It is well established 
that most stem cell types reside in hypoxic niches where HIF1α controls pluripotency gene 
expression, promotes glycolytic metabolism and inhibits mitochondrial biogenesis. How-
ever, when myoblasts differentiate and fuse into multinucleated myofibers, a reconfigu-
ration of metabolic programs toward OXPHOS occurs, especially via an increased mito-
chondrial biogenesis and activity [61]. DUX4 was shown to disturb this process via its 
target gene activation and repression to orchestrate a transcriptome characteristic of a less-
differentiated cell state [62]. Moreover, HIF1α is expressed in the embryo and it known to 
protect it from intrauterine hypoxia and regulates its metabolism [63]. Therefore, since 
DUX4 expression activates embryonic genes, and the embryo metabolism is glycolytic, we 
can hypothesize that an abnormal activation of glycolysis through HIF1α could contribute 
to metabolic disturbances in FSHD muscle cells. Evidence for mitochondrial dysfunction 
was found in FSHD muscle where impaired energy metabolism was linked to alterations 
in mitochondrial ultrastructure and subsarcolemmal and intramyofibrillar distribution 
[55]. Furthermore, a dynamic transcriptomic analysis identified that suppression of 
PGC1α/ ERRα axis, a critical component of the mitochondrial biogenesis pathway, was 
associated to the myogenesis defect in FSHD [42]. Recently, transcriptomic data from 
FSHD muscle showed enrichment for disturbed mitochondrial pathways. The alteration 
of mitochondrial ROS metabolism was correlated with mitochondrial membrane polari-
zation and myotube hypotrophy phenotype. DUX4-induced modifications in the mito-
chondrial function occurred before mitochondrial ROS generation and affected hypoxia 
signaling via complex I [25]. These observations could also explain the decreased PDK1 
protein level observed in our study since this metabolic regulator is mainly located in the 
mitochondria [64]. Therefore, mitochondrial dysfunction along with the DUX4-mediated 
mitochondrial ROS production could lead to PDK1 post-transcriptional deregulation e.g. 
protein degradation through the proteasome or autophagy process [65]. DUX4-HIF1α-
VEGF pathway disturbances observed in the present study also depend on the differenti-
ation stage of muscle cells. Even if this axis alone was likely not sufficient to explain all 
the pathological features of FSHD muscle, it might be important to further explore the role 
of HIF1α since an histopathological study of patient muscle biopsies has indicated a de-
crease of capillary density [66]. Interestingly, it has been shown that there was an impaired 
oxygen demand during exercise in FSHD and that lower oxygen consumption was related 
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to oxidative stress [57]. Moreover, patients affected with infantile FSHD can present exu-
dative retinopathy due to retinal telangiectasias [67–69]. In this context, HIF1α could con-
stitute an interesting candidate to better understand FSHD-associated vasculopathy.  

The DUX4/HIF1a axis is conserved in murine in vitro and in vivo models.  

Our data also indicate that the DUX4-HIF axis highlighted in human muscle cells is 
similarly observed in murine myoblasts and mature muscle in mice. This point is of 
interest because most therapeutic strategies need testing in vivo in preclinical model. Here, 
we investigated the DUX4/HIF1α axis in vivo in the DUX4-IMEP model in which a DUX4 
expression plasmid is injected and electroporated into the TA muscle, inducing a dose-
dependent local myopathy. The muscle alterations caused by one local boost of DUX4 
expression constitute an easy read-out through a semi-automated histological quantifica-
tion of the damaged area by color-thresholding [44]. Moreover, targeting the TA in this 
local FSHD model is pertinent as it is one of the most affected leg muscle in patients [70]. 
Hif1α mRNA level was increased in both the pCIneo-DUX4 and pCIneo IMEP mice 6h post 
injection. The increase in the control plasmid group is likely linked to a muscle regenera-
tion induced by the IMEP procedure. Indeed, an activation of Hif1α signaling was ob-
served in injured TA muscle, increasing from day 1 to day 7 after a cardiotoxin injection 
[71]. One day post injection the increased Hif1α expression was only maintained in the 
pCIneo-DUX4 group, meaning that this increase was DUX4-related.  

In summary our data showed that DUX4 decreased Hif1α mRNA level in murine my-
oblast but increased it in mature myofibers in mice. Importantly, this induction was an 
early and transient event following DUX4 expression. Surprisingly, no modification could 
be detected in expression of Hif1α target genes Pdk1 and Vegf in any experimental group 
and at any time points. Hif1α independent factors might prevent its transcriptional effect. 
We cannot exclude that this could result from limitations of the IMEP model (e.g. varia-
bility among animals). However, given that the model sensitivity was sufficient to high-
light significant changes of Hif1α expression, these data suggested that both Hif1α-de-
pendent and independent factors could influence Pdk1 and Vegf expression levels. One 
hypothesis concerning these interfering factors is an activation of the muscle regeneration 
process [72]. Interestingly, Vegf was previously shown to play an important role in stim-
ulating skeletal myofiber regeneration in vivo. Concerning Pdk1, other transcription fac-
tors are known to regulate Pdk1 expression such as C-Myc or the Wnt pathway [73–76]. 

Targeted Hif1α knock down in mice exacerbates DUX4-induced muscle damages.  

We wanted to specifically evaluate involvement of Hif1α in the development of 
DUX4 induced muscle lesions in our IMEP mouse model. We thus performed a loss of 
function study with siRNAs against Hif1α mRNA that we electroporated together with the 
pCIneo-DUX4 transgene. The amount of siRNA we used caused about 2-fold Hif1α mRNA 
reduction. Surprisingly, a significant increase of muscle lesion area was observed upon 
Hif1α knock down but not with the control siRNA. The extension of muscle lesion we ob-
served with specific Hif1α knock down could be explained by (I) a synergistic and nega-
tive effect of DUX4 and siHIFs on the myofibers itself or (II) a loss of the critical role of 
HIF1α in muscle regeneration, a process which mainly involves satellite cells but also fi-
bro/adipogenic progenitors (FAPs) and immune cells. Concerning available evidences 
linking HIF1α and the regeneration process, it was shown that Hif1α silencing in C2C12 
muscle cells or its chemical inhibition by echinomycin, significantly altered the differenti-
ation process as shown by the decrease of Myogenin and Myhc expression [50]. In muscles 
of myeloid Hif1α KO mice, myoblast proliferation, regenerating fiber growth and macro-
phage invasion were delayed after trauma [77]. In IMEP model, Hif1α knock down could 
occur in myofibers but also in satellite cells where HIF1α is critical for their self-renewal 
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and regeneration potency. Indeed, knock-out of HIF1α and HIF2α in satellite cells im-
pedes muscle regeneration and decreases satellite cell number during this process [78].  

The exacerbation of muscle lesion observed here upon HIF1α knockdown is con-
trasting with the results by Lek et al [33] obtained with FDA approved HIF signaling in-
hibitors. In these studies, FSHD-like zebrafish models (i.e. either single cell embryos in-
jected with DUX4 mRNA or transgenic fish eggs with inducible DUX4 expression) were 
used and an improvement of muscle structure and function were observed. However, 
most of the drugs used were indirect inhibitors of HIF1α and had multiple effects. An 
indirect activity on protein turnover and therefore on DUX4 protein abundance could be 
a significant interfering factor. The reduction of DUX4 target gene expression observed in 
patient myotubes treated with Herbimycin (an inhibitor of PI3K/Akt/mTOR pathway), 
Rapamycin (an mTOR inhibitor), and Wortmannin and LY294002 (PI3K inhibitors) could 
reflect this interference. As well, only short-term effects were investigated. For a chronic 
treatment of muscle disorders, the negative effect of indirect inhibitors of HIF1α on pro-
tein synthesis should be avoided given the risk to exacerbate muscle atrophy. In addition, 
as we mentioned in [41], drugs developed to interfere with HIF1α expression or activity 
were developed in order to induce targeted cancer cell death. This highlights the im-
portance of the context of use when considering the action on HIF1α pathway. When 
zebrafish models were developed in an embryonic context, our results were obtained on 
mature fibers. Both DUX4 and HIF1 α are known to have specific activities during these 
two different conditions. This could explain the discrepancies observed in the results ob-
tained. Because of its critical role in many skeletal muscle mechanisms, HIF1α remains 
challenging to target.  

In conclusion, our study has set the basis for further investigations on the role of 
HIF1α in relationship with DUX4 in FSHD. However, we found that this link differed 
according to the muscle cell differentiation stage. Our results also suggested that this axis 
was conserved between human and mouse. Finally, we found that HIF1α silencing in an 
FSHD mouse model unexpectedly exacerbated the DUX4 mediated muscle damages. This 
indicated that the DUX4-HIF1α axis was not as simple as expected and that targeting 
HIF1α might be challenging in the context of FSHD therapeutic approaches. Finally, given 
(I) the regeneration defects in FSHD [79,80], (II) the role of HIF1α in this process [41], (III) 
the impact of DUX4 expression on the HIF1α pathway depending on the differentiation 
state, further investigations, especially in satellite cells, appear critical for a better under-
standing of FSHD-associated muscle regeneration disturbances. Moreover, regarding the 
pivotal role of HIF1α in muscle metabolism, it will be important to clarify whether meta-
bolic disturbances could contribute to the development of muscle dysfunction in FSHD. 
Such studies would provide more in-depth mechanistic insights into the FSHD patho-
genic network and could suggest additional therapeutic targets. 

4. Materials and Methods 
4.1. Cell culture 

Immortalized human myoblast cell lines (LHCN-iDUX4) were kindly provided by 
Prof. M.Kyba (Lillehei Heart Institute, University of Minnesota, Minneapolis). Cells were 
cultured in proliferation medium DMEM F12 (BioWest) supplemented with 20% FBS 
(Biowest), and 1% Penicillin/Streptomycin (P/S, Thermofisher) at 37 °C in a 5% CO2 and 
atmospheric O2 levels. For myogenic differentiation, cells were cultured on matrigel 
coated dishes (Corning) in proliferation medium until 100% confluence. Cells were then 
washed once with PBS and differentiated for two days for myocytes and four days for 
myotubes using differentiating medium (DMEM/F12 (Corning Cellgro), supplemented 
with human insulin 10 µg/ml (Sigma), bovine apo-transferrin 100 µg/ml (Sigma) and 1% 
Penicillin/Streptomycin (P/S, Thermofisher). 
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Immortalized mouse myoblast cell lines (iC2C12-DUX4) were kindly provided by 
Prof. M. Kyba. They were cultured in proliferation medium DMEM high glucose 
(BioWest) supplemented with 10% FBS (Biowest), and 1% Penicillin/Streptomycin (P/S, 
Thermofisher) at 37 °C in a 5% CO2 atmosphere. 

 
4.2. Viability test 

For the Vybrant® MTT Cell Proliferation Assay Kit (ThermoFisher), LHCN-iDUX4 
et LHCN cells were seeded in a 96 well-plate and induced for 24h with doxycycline. Cells 
were then incubated for 2h with MTT 1.2 mM reagent diluted in proliferation medium at 
37°C. After that step, medium was replaced by DMSO to solubilize the formazan product 
and the plate was incubated for 10 min at 37°C under agitation. The absorbance was then 
measured by a spectrophotometer (VERSA max-SoftMax Pro) at 540 nm. 

For Cell Counting Kit-8 (Sigma), LHCN-iDUX4 and LHCN myoblasts were seeded 
in 96 well-plate and induced for 24h with doxycycline. Cells were then incubated for 1h 
with CCK-8 solution diluted in proliferation medium at 37°C. Absorbance was then meas-
ured by a spectrophotometer (VERSA max-SoftMax Pro) at 450 nm. 

 
4.3. Myoblast transfection 

105C2C12 cells were seeded in 6-well plates and transfected 24 hours later in Opti-
MEM (Invitrogen, CA, USA) with 5µl of Lipofectamin 2000 (Invitrogen) and 1600 ng of 
DNA vector according to the manufacturer's instructions. 

 
4.4. Immunofluorescence 

Cells previously seeded in 6-well plate on glass slide, were fixed with 4% paraform-
aldehyde/PBS for 10 min, permeabilized with 0.5% TritonX-100/PBS for 10 min, then in-
cubated with blocking solution (5% normal goat serum (Biowest), TritonX-100/PBS) for 1h 
at room temperature. Cells were then incubated with primary antibodies (anti-DUX4 
9A12 MABD116; 1:100, Merck ([53]); HIF1α ab179483, 1:500, Abcam) at 4 °C overnight. 
They were subsequently rinsed in PBS and incubated with secondary antibodies Alexa 
555 Goat anti-rabbit IgG (1:500, Biotium) and Alexa 488 Goat anti-mouse IgG (1:500, Bio-
tium) at room temperature for 1 h. Immunolabelled cells were rinsed in PBS and mounted 
with EverBrite Mounting Medium with DAPI (Biotium) for nuclear staining. Pictures 
were taken with a Nikon Eclipse 80i microscope and merged using NIS-Elements soft-
ware.  

  
4.5. qPCR 

RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer’s 
directions. Total RNA was then treated with DNAse I (amplification grade, Ther-
moFisher). cDNAs were synthetized using Maxima First Strand cDNA Synthesis kit 
(ThermoFisher). All qPCRs were performed in triplicates using SYBR Green FastStart Es-
sential DNA Green Master (Roche) and corresponding primers (Eurogentec) (See Supple-
mentary materials). Cycling conditions were as follows: initial denaturation step at 95 °C 
for 10 min, followed by 40 cycles of 15 s at 95 °C and 60 s at primer Tm. qPCR results were 
analyzed with LightCycler 96 software (Roche). Quantifications were performed using the 
2-∆∆Ct method. 

 
4.6. Western Blot 
Cells were lysed using RIPA buffer. Proteins were separated on 12% SDS-PAGE gels for 
3h at 100V and transferred to nitrocellulose membrane for 1h45 at 260 mA. Membrane 
blocking was performed using 5% non fat dry milk diluted in TBST-T. Primary (PDK1, 
ab110025, Abcam) and secondary HRP conjugated antibody (NA931, ECL) were diluted 
in 5% skim milk in TBST and incubated overnight at 4 °C and 1 hour at room temperature 
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respectively. HRP signal was visualized using Supersignal West Femto max. sensitivity 
kit (Thermo Scientific) and the Fusion FX7 spectra (Vilber) 
 
4.7. Ethics statement 
All animal experiments met the Belgian national standard requirements regarding animal 
care and were conducted in accordance with the Ethics and Welfare Committee of the 
University of Mons (reference number LE018/02) 

 
4.8. IMEP mouse model 

Female C57BL/6 mice, aged between 8 and 12 weeks, were purchase from Charles 
River laboratories (France). Mice were housed in a conventional animal colony and main-
tained at 35–40% relative humidity with a constant room temperature (21 °C) and natural 
day/night light cycle (12–12 h). Food and water were provided ad libitum and animals 
were subjected to an adaptation period of 7 days before experiments. IMEP model was 
generated as previously described [44]. Briefly, tibialis anterior (TA) muscles were injected 
with 40 µg of hyaluronidase. Each TA was then injected with either naked plasmid DNA 
alone or complemented with siRNA targeting HIF1α RNA (siHIF; Qiagen, #1027416) or 
control (siCTL; Qiagen, #1027280) and electroporated using an EMKA stimulator. Mice 
were checked daily and then sacrificed by an intraperitoneal injection of Nembutal (Kela). 
 
4.9. Tissue preparation and histology 
At the indicated euthanasia time points, right and left TAs were removed, embedded in 
OCT compound (VWR) and frozen in liquid nitrogen-cooled isopentane. 8 µm thick cry-
ostat sections from proximal and medial of TA were cut using a Leica cryotome and sec-
tions were stained with Hematoxylin–Eosin–Heidenhain blue (HEB) to evaluate the per-
centage of muscle lesions. HEB staining consists in a basic Hematoxylin–Eosin coloration 
followed by a 45-s incubation in Heidenhain’s Blue staining (mix of orange G and Aniline 
Blue, Sigma-Aldrich, USA), allowing an intense blue labeling of fibrotic fibers and colla-
genous tissues. Slides were then scanned using the NanoZoomer-SQ Digital slide scanner 
(Hamamatsu Photonics). Images were processed as described in [44]. 
 
5. Statistical analysis 
Normality tests (Shapiro-Wilk) were performed on each data sets to assess the data 
distribution and thus appropriate statistic tests could be chosen. Differences were 
considered statistically significant at a p-value < 0.05. All data were represented as 
mean +/- SEM or boxplot (5 and 95th percentile) for parametric or non-parametric 
statistical tests, respectively. Statistical analyses were done using GraphPad Prism 
software, version 8.02 and SigmaPlot software, version 14. 
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