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Staufen1 impairs stress granule formation in 
skeletal muscle cells from myotonic dystrophy 
type 1 patients

ABSTRACT  Myotonic dystrophy (DM1) is caused by an expansion of CUG repeats (CUGexp) in 
the DMPK mRNA 3′UTR. CUGexp-containing mRNAs become toxic to cells by misregulating 
RNA-binding proteins. Here we investigated the consequence of this RNA toxicity on the 
cellular stress response. We report that cell stress efficiently triggers formation of stress gran-
ules (SGs) in proliferating, quiescent, and differentiated muscle cells, as shown by the appear-
ance of distinct cytoplasmic TIA-1– and DDX3-containing foci. We show that Staufen1 is also 
dynamically recruited into these granules. Moreover, we discovered that DM1 myoblasts fail 
to properly form SGs in response to arsenite. This blockage was not observed in DM1 fibro-
blasts, demonstrating a cell type–specific defect. DM1 myoblasts display increased expres-
sion and sequestration of toxic CUGexp mRNAs compared with fibroblasts. Of importance, 
down-regulation of Staufen1 in DM1 myoblasts rescues SG formation. Together our data 
show that Staufen1 participates in the inhibition of SG formation in DM1 myoblasts. These 
results reveal that DM1 muscle cells fail to properly respond to stress, thereby likely contrib-
uting to the complex pathogenesis of DM1.

INTRODUCTION
Myotonic dystrophy type 1 (DM1) is a multisystemic disorder caused 
by a repetition of CUG trinucleotides in the 3′-untranslated region 

(3′UTR) of dystrophia myotonica protein kinase (DMPK) mRNA. 
Pathological severity of the disease correlates with the size of the 
CUG expansion (CUGexp; Fu et al., 1992; Tsilfidis et al., 1992). CUG-
exp-containing mRNAs accumulate in cell nuclei, where they form 
distinct mRNA foci detectable by fluorescence in situ hybridyzation 
(FISH) with fluorophore-conjugated (CAG)10 probes. CUGexp 
mRNAs become toxic to cells, as they misregulate expression of 
multiple RNA-binding proteins. In particular, MBNL1 is sequestered 
in the nucleus by CUGexp nuclear aggregates, thereby reducing the 
availability of functional MBNL1 in the rest of the cell (Miller et al., 
2000). In contrast, CUGBP1 and Staufen1 expression are increased 
in vivo in DM1 muscle tissue samples (Savkur et al., 2001; Ravel-
Chapuis et al., 2012). The imbalance created in the level of these 
RNA-binding proteins in turn modifies the pattern of alternative 
splicing of several pre-mRNAs, thus defining DM1 as a spliceopathy. 
For example, missplicing of insulin receptor and chloride channel 
pre-mRNAs is directly linked to the insulin resistance and myotonia 
seen in DM1 patients, respectively (Savkur et  al., 2001; Charlet 
et al., 2002). RNA-binding proteins that are misregulated in DM1 by 
CUGexp mRNAs are also known to be multifunctional proteins play-
ing diverse roles in RNA metabolism in addition to pre-mRNA splic-
ing. Indeed, several studies have reported that their misregulation in 
DM1 also alters miRNA biogenesis, as well as mRNA transport, 
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mechanism. Here we first used arsenite, a drug commonly used to 
induce oxidative stress in cells. Proliferative mouse C2C12 myoblasts 
were treated with 0.5 mM sodium arsenite for 45 min and SG forma-
tion assessed by immunofluorescence using anti-TIA-1 antibodies, 
a well-accepted marker of SGs (Kedersha and Anderson, 2007). In 
normal proliferative mouse myoblasts, TIA-1 showed nuclear local-
ization, accompanied by low, diffuse cytoplasmic staining (Figure 1A). 
Arsenite-induced stress causes the partial relocalization of TIA-1 in 
distinct and characteristic cytoplasmic SGs (Figure 1A). Under these 
conditions, nuclear TIA-1 staining is still observed. We previously 
showed that DDX3 colocalizes with TIA-1 in SGs in HeLa cells 
(Goulet et al., 2008). We thus also investigated the localization of 
DDX3 in muscle cells by coimmunofluorescence. In proliferative 
mouse myoblasts, DDX3 has a diffuse cytoplasmic staining pattern, 
whereas in stressed conditions, most of the DDX3 relocalizes to 
newly formed SGs and displays a subcellular distribution that coin-
cides with that of TIA-1 (Figure 1A). We also performed a colocaliza-
tion analysis on TIA-1 and DDX3 immunostaining. To this end, we 
measured the intensity of TIA-1 and DDX3 signals along a line seg-
ment crossing SGs (Supplemental Figure S1A). Intensity plots show 
near-complete overlap in TIA-1 and DDX3 signal intensities, reveal-
ing that DDX3 and TIA-1 highly colocalize upon arsenite stress in 
proliferative mouse skeletal muscle cells. In addition, a high Pearson’s 
r (0.88 ± 0.01) further confirms quantitatively this near-complete co-
localization of TIA-1 and DDX3 in cytoplasmic SGs (Figure 1A).

PABP1 associates with the poly(A) tail of mRNAs and with eIF4F 
and hence is known to play a key role in mRNA metabolism. PABP1 
also segregates with SGs upon stress and therefore represents a 
translation-associated marker of SGs (Kedersha et al., 1999). In our 
experiments, we observed that PABP1 is mainly cytoplasmic in pro-
liferative myoblasts but relocates to distinct SGs that colocalize to a 
large extent with TIA-1 (r = 0.87 ± 0.01), confirming the fact that 
these cytoplasmic aggregates are indeed SGs (Figure 1B).

Other stressors are known to induce SG formation in different 
cell types. Therefore we tested the susceptibility of myoblasts to 
respond to other sources of stress in addition to arsenite. C2C12 
myoblasts were exposed to heat shock (HS) at 45°C for 45 min, and 
SG formation was monitored by TIA1 and DDX3 staining. HS in-
duced the formation of many large cytoplasmic TIA1- and DDX3-
positive SGs (r = 0.90 ± 0.01; Figure 1A). Finally, another stress, ER 
stress, which can be induced with thapsigargin (1 μM thapsigargin 
for 60 min), efficiently triggered the formation of SGs in C2C12 myo-
blasts (r = 0.93 ± 0.01; Figure 1A).

Staufen1 participates in SG formation 
in skeletal muscle cells
We previously reported the regulation of Staufen1, a protein involved 
in key aspects of RNA metabolism, in skeletal muscle cells (Belanger 
et  al., 2003; Ravel-Chapuis et  al., 2012, 2014). We thus analyzed 
the localization of Staufen1 in response to stress in C2C12 myoblasts. 
By immunofluorescence microscopy, Staufen1 is mainly observed 
in the cytoplasm in diffuse, as well as in small punctuate, granules 
(Figure 2A). After arsenite stress, Staufen1 becomes concentrated 
into large, distinct cytoplasmic aggregates. Coimmunofluorescence 
experiments showed that these Staufen1-containing granules colo-
calize with TIA-1 aggregates, revealing that Staufen1 is recruited into 
SGs (Figure 2A). In our analyses, a linear intensity plot examination 
showed that Staufen1 and TIA-1 signals overlap in SGs (Supplemen-
tal Figure S2A). However, we found that a fraction of Staufen1 also 
accumulates in a separate, TIA-1–negative domain at the periphery 
of TIA-1–positive granules (Supplemental Figure S2A). Accordingly, a 
relatively lower r between TIA-1 and Staufen1 (r = 0.82 ± 0.01) is 

stability, and translation efficiency, thereby illustrating the variety of 
cellular processes affected in DM1 and likely involved in the etiology 
of the disease (Schoser and Timchenko, 2010; Mahadevan, 2012; 
Thornton, 2014).

Accumulating evidence indicates that DM1 cells expressing mu-
tant CUGexp mRNAs are exposed to several forms of cellular stress. 
An increased level of free radicals, accompanied by increased levels 
in superoxide dismutase (SOD) and other oxidative stress markers, 
was reported from different cohorts of DM1 patients, showing that 
DM1 cells are more susceptible to oxidative stress (Ihara et al., 1995; 
Usuki and Ishiura, 1998; Usuki et  al., 2000; Toscano et  al., 2005; 
Kumar et al., 2014). In addition, an increase in endoplasmic reticu-
lum (ER) stress was also observed in DM1 cells, presumably caused 
by the imbalance in Ca2+ homeostasis originating from the missplic-
ing of SERCA and RyR pre-mRNAs (Ikezoe et al., 2007; Botta et al., 
2013). These observations raise the question of how DM1 cells cope 
with stress generated by expression of toxic CUGexp mRNA and how 
it affects DM1 pathophysiology.

Stress granules (SGs) are large cytoplasmic structures that form in 
response to a variety of stress conditions, such as oxidative stress, ER 
stress, heat shock, and viral infection. These granules are dynamic 
structures exhibiting rapid turnover in which mRNAs are processed 
for storage, degradation, or reinitiation (Kedersha et al., 2000). SGs 
are composed of stalled translation initiation complexes containing 
polyadenylated mRNAs bound to the 48S preinitiation complex, 
which includes the 40S small ribosomal subunit and early initiation 
factors such as eukaryotic initiation factor 3 (eIF3), eIF4A, eIF4E, 
eIF4G, and poly(A)-binding protein (PABP; Anderson and Kedersha, 
2008; Buchan and Parker, 2009). Early steps of SG assembly involve 
the phosphorylation of the translation initiation factor eIF2α (Keder-
sha et al., 1999). Alternatively, SGs can form through eIF2α phos-
phorylation-independent pathways (Dang et al., 2006; Mazroui et al., 
2006; Farny et al., 2009; Mokas et al., 2009). This is followed by the 
aggregation of the primary SG nucleators T-cell integral antigen-1 
(TIA-1; Kedersha et al., 1999) and RasGAP-associated endonuclease 
(G3BP; Tourriere et al., 2003). Many other RNA-binding proteins are 
also recruited to SGs and participate in their aggregation. For ex-
ample, we and others showed that the DEAD box RNA helicase 
DDX3 is localized in SGs upon stress induction (Goulet et al., 2008; 
Lai et al., 2008). DDX3 interacts with eIF4E and PABP1, and its down-
regulation impairs SG formation, making it a crucial regulator of SG 
biogenesis (Shih et al., 2012). In addition to proteins directly involved 
in RNA metabolism, other molecules are also known to localize to 
SGs. In particular, signaling proteins, including those involved in the 
induction of apoptosis, are also relocalized to SGs, thereby prevent-
ing the activation of cell death during transient stress. Consequently, 
in the current model, SGs are believed to promote cell survival while 
facing stress conditions (Kedersha et al., 2013). When cells eventually 
recover from the undesired stress, SGs disperse, and untranslated 
mRNAs that accumulated are then rapidly available for translation.

In the present study, we examined the potential of normal mus-
cle cells to form SGs at different stages of differentiation. Moreover, 
we also studied SG formation in cultured DM1 cells. For this, we 
assessed how DM1 fibroblasts versus myoblasts respond to stress. 
Finally, we evaluated the putative function of Staufen1 in DM1 mus-
cle cells and ascertained its role in the formation of SGs.

RESULTS
SGs form in stressed muscle cells in culture
We first assessed the potential of normal muscle cells to respond to 
stress by forming SGs. SGs form in response to a variety of exoge-
nous stresses and are believed to constitute a cellular protective 
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treated with either CHX or puromycin. As 
expected, the formation of TIA-1–positive 
SGs by arsenite was prevented by the pres-
ence of CHX but not puromycin (Figure 2B). 
From these results, we conclude that mouse 
myoblasts efficiently form TIA-1/DDX3/
Staufen1–positive SGs in response to in-
duced stress.

To study further the relocalization of 
Staufen1 into SGs during stress, we cotrans-
fected C2C12 cells with Staufen1–green flu-
orescent protein (GFP) and TIA-1-mCherry 
constructs. At 48 h after transfection, many 
transfected cells displayed spontaneous SG 
formation. This is consistent with previous 
observations in TIA-1–overexpression ex-
periments (Gilks et al., 2004; Kedersha et al., 
2005; Kedersha and Anderson, 2007). Fo-
cusing on cells that did not spontaneously 
form SGs, we observed localization of 
Staufen1-GFP and TIA-1-mCherry that reca-
pitulates the distribution of endogenous 
Staufen1 and TIA-1 (compare Figures 2A 
and 3A). As expected, Staufen1 is recruited 
into TIA-1–positive granules after arsenite 
stress treatment. A linear intensity plot anal-
ysis together with an r matching the one ob-
tained with endogenous proteins (r = 0.82 ± 
0.01; see earlier discussion) shows that 
Staufen1 and TIA-1 signals almost com-
pletely overlap in SGs under these condi-
tions. Remarkably, no exogenous Staufen1 
accumulates outside of TIA-1-mCherry–pos-
itive compartments (compare Figure 3A and 
Supplemental Figure S2B).

To provide additional insight into the dy-
namic recruitment of Staufen1 into SGs, we 
also carried out live-cell imaging on C2C12 
cells transfected with Staufen1-GFP and TIA-
1-mCherry. Transfected cells were treated 
with arsenite and imaged every 5 min for 1 h 
by spinning-disk confocal microscopy. When 
we followed this over time, we observed 
concomitant aggregation of Staufen1 into 
TIA-1 after 25–30 min of arsenite treatment. 
Thereafter Staufen1 and TIA1 remained co-
localized for the rest of the duration of the 
treatment, whereas SGs keep aggregating 
(Figure 3B and Supplemental Videos S1 
and S2). Some cells displayed preformed 
cytoplasmic Staufen1-aggregates as ob-
served with endogenous Staufen1 (compare 
Figures 2A and 3B). These aggregates re-
mained separate entities or partially redis-

tributed after arsenite treatment into newly formed TIA-1 granules 
(Figure 3B and Supplemental Videos S1 and S2). Taken together, 
these data indicate that Staufen1 localization is compatible with a 
role in both dynamic assembly and structural maintenance of SGs.

SGs form in differentiated mature muscle cells
We next studied whether the state of differentiation of muscle cells 
influences SG formation. A decrease in serum concentration 

observed than between TIA-1 and DDX3 (see earlier discussion), re-
flecting partial localization of Staufen1 into SGs (Figure 2A).

It is well established that drugs that stabilize polysomes, such as 
cycloheximide (CHX), which traps elongating ribosomes on mRNAs, 
inhibit the assembly of SGs. On the contrary, drugs that destabilize 
polysomes, such as puromycin, which promote the release of elon-
gating ribosomes, stimulate the assembly of SGs (Kedersha et al., 
2000). Concomitantly to arsenite stress, C2C12 myoblasts were 

FIGURE 1:  Cell stress induces the formation of SGs in myoblasts. (A) Proliferative C2C12 
myoblasts were untreated or treated with arsenite (0.5 mM for 45 min), by heat shock (45°C for 
60 min), or with thapsigargin (1 μM for 60 min). Coimmunofluorescence stainings were 
performed using TIA-1 and DDX3 antibodies. (B) Coimmunofluorescence stainings were 
performed on untreated and arsenite-treated proliferative C2C12 using TIA-1 and PABP1 
antibodies. DAPI was used to stain nuclei. Arrowheads show SGs in myoblasts. Right, 
magnifications of areas outlined by white boxes. Scale bars, 20 μm. For r, 40, 12, 11, and 11 cells 
were analyzed, respectively.
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C2C12 myoblasts were cotransfected with 
Staufen1-GFP and TIA-1–mCherry and dif-
ferentiated for 3 d. When stressed with arse-
nite, Staufen1-GFP markedly aggregates 
into TIA-1-mCherry SGs in mature myotubes 
(r = 0.73 ± 0.02; Figure 4C). Together these 
results show that the stress response path-
way is conserved in mouse skeletal muscle 
cells since SGs can efficiently form in prolif-
erative, quiescent, and differentiated mus-
cle cells.

SG formation is specifically impaired 
in DM1 myoblasts
DM1 cells are under intracellular stress 
caused by expression of toxic mutant 
CUGexp mRNAs (see Introduction). To inves-
tigate whether this RNA toxicity affects the 
stress response in DM1 cells, we first evalu-
ated the formation of SGs in human primary 
fibroblast cells. We used three control 
(GM01653, GM03377, GM03523) and three 
DM1 primary cells carrying 50–80, 500, and 
1700 CTG repeats (GM03991, GM03987, 
and GM03132, respectively). We induced 
SG formation with 0.5 mM arsenite as de-
scribed with mouse C2C12 muscle cells.

We first studied TIA-1 and DDX3 local-
ization in unstressed, control human primary 
fibroblasts (GM03377). By coimmunofluo-
rescence, TIA-1 and DDX3 show a similar 
expression pattern, as also seen in mouse 
myoblasts. Indeed, we observed nuclear 
and lower cytoplasmic distribution for TIA-1 
and more diffuse cytoplasmic staining 
for DDX3 (compare Figures 5A and 1A). 
Similar localization of TIA-1 and DDX3 
was observed in other control fibroblasts 
(GM01653, GM03523), as well as in DM1 fi-
broblasts (GM03991, GM03987, GM03132), 
with no evidence of cytoplasmic aggregates 
of TIA-1 or DDX3 in absence of drug treat-

ment (Supplemental Figure S4). This shows that toxic mutant DMPK 
mRNAs expressed in DM1 fibroblasts do not alone cause spontane-
ous formation of TIA-1 or DDX3 cytoplasmic granules.

We next analyzed how human primary fibroblasts respond to ar-
senic stress. After 45 min of arsenic treatment, distinct cytoplasmic, 
TIA-1/DDX3–positive SGs formed in stressed primary fibroblasts 
(Figure 5A). Signal intensity analyses over SGs along with high r 
(0.90 ± 0.01) show near-complete colocalization of TIA-1 and DDX3 
in SGs (Supplemental Figure S1B). We also performed a thorough 
comparison of SG formation in control versus DM1 primary fibro-
blasts. Quantitative microscopy analyses using DDX3 as a marker 
revealed that the same (p > 0.05 for all conditions) number of SGs 
are formed between three controls and three human DM1 primary 
fibroblasts (Figure 5, B–D). In addition, the total SG area per cell 
(Figure 5E) and the mean SG size (Figure 5F) remained similar 
(p > 0.05 for all conditions) between controls and DM1 cells, show-
ing that SGs form with the same efficiency in these cells despite 
expression of toxic mutant CUGexp mRNAs.

Fibroblasts can be converted into myoblasts by MyoD expres-
sion (Davis et al., 1987). To achieve this, we produced a lentivirus 

induces myoblasts to permanently withdraw from the cell cycle 
and initiate differentiation by fusing into elongated, multinucle-
ated myotubes. Three-day-differentiated myotubes were treated 
with arsenite and SG formation assessed by TIA-1 and DDX3 im-
munofluorescence. Microscopy analyses showed that SGs form in 
multinucleated differentiated myotubes upon arsenite treatment 
(r = 0.83 ± 0.02; Figure 4A). Pan–myosin heavy chain (MyHC) coim-
munofluorescence was performed to identify differentiated myo-
tubes from undifferentiated cells (Supplemental Figure S3). A pool 
of C2C12 reserve cells is known to escape from terminal differen-
tiation and stay in a quiescent state alongside developing myo-
tubes (Yoshida et  al., 1998). These quiescent reserve cells also 
form SGs after stress induction (Supplemental Figure S3) in a man-
ner similar to that observed with proliferating myoblasts (Figure 1).

We next wondered whether Staufen1 is also recruited into SGs in 
differentiated mature myotubes. Three-day myotubes were treated 
with arsenite and assessed for TIA-1 and Staufen1 localization by 
immunofluorescence. We observed that in myotubes, Staufen1 is 
partially recruited into SGs, whereas a fraction of Staufen1 aggre-
gates in the vicinity of SGs (r = 0.76 ± 0.02; Figure 4B). Furthermore, 

FIGURE 2:  Staufen1 is recruited to SGs in Myoblasts. (A) Proliferative C2C12 myoblasts were 
untreated or treated with 0.5 mM arsenite for 45 min. Coimmunofluorescence staining was 
performed using Staufen1 and TIA-1 antibodies. (B) Proliferative C2C12 myoblasts were treated 
with CHX (50 μg/ml) or Puro (10 μg/ml) for the entire duration of the arsenite treatment and 
processed as in A. DAPI was used to stain nuclei. Arrowheads show SGs in myoblasts. Scale 
bars, 20 μm. For r, 18 cells were analyzed.
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when few individual SGs eventually form in 
DM1 myoblasts, they remain at a size 
equivalent to that of controls. Taken to-
gether, these results revealed that SG for-
mation is markedly impaired in a cell type–
specific manner.

The DM1 cell line GM03991 carries a low 
number of CTG repeats (50–80) normally as-
sociated with mild adult-onset symptoms. 
Here we observed a similar inhibition of SG 
formation in this cell line compared with 
other DM1 cells carrying longer expansions 
(500 and 1700). This may be related to the 
fact that these fibroblasts were harvested 
from an older DM1 patient displaying char-
acteristic DM1 features (Table 1). Alterna-
tively, this could also reflect the higher sen-
sitivity of SG inhibition to low CTG repeats 
than alternative splicing defects.

Staufen1 down-regulation rescues SG 
formation in DM1 cells
We next investigated potential mechanisms 
involved in the cell type–specific inhibition 
of SG formation. DMPK gene expression is 
regulated by the MyoD myogenic regula-
tory factor through the binding to E-boxes 
present in its promoter (Storbeck et  al., 
1998). To determine whether MyoD conver-
sion of DM1 fibroblasts into myoblasts re-
sulted in an increase in mutant CUGexp 
mRNA expression, we measured total 
DMPK mRNA levels by quantitative reverse 
transcription PCR (qRT-PCR). As expected, 
we observed approximately twofold to four-
fold increase in total DMPK level (p < 0.05) 
after MyoD overexpression (Figure 7A). 
Note that one control cell line (GM03523) 
showed a lower induction of DMPK mRNAs 
after MyoD conversion. This lower MyoD 
conversion, in fact, nicely correlates with the 
lower SG formation and likely accounts for 

the lower level of SGs in this wild-type cell line versus the other two 
controls (Figures 6, A, C, and D, and 7A).

We also performed FISH with Cy3-(CAG)10 probes to detect 
nuclear CUGexp RNA foci. In our conditions, microscopy analysis 
showed that approximately three CUGexp RNA foci per cell were in 
DM1 fibroblasts versus approximately five in MyoD-converted cells 
(p < 0.001; Figure 7, B and C). This increase in mutant DMPK mRNA 
sequestration mirrors the increase in DMPK mRNA expression in-
duced by MyoD and cell conversion. However, the increase in RNA 
foci number is lower than the increase in the overall levels of DMPK 
mRNAs. This is likely because qRT-PCR measures both alleles of 
DMPK (normal and expanded), whereas FISH only highlights the 
nuclear accumulation of mutant DMPK transcripts (Figure 7, A–C).

We reported in our earlier work that the level of the RNA-binding 
protein Staufen1 is increased in vivo in muscles from three DM1 
mouse models as well as in muscle biopsies from DM1 patients 
compared with controls (Ravel-Chapuis et  al., 2012). We thus 
assessed the level of Staufen1 in the various DM1 cells used in this 
study compared with controls. We performed Western blots on 
protein extracts obtained from proliferating control and DM1 

carrying an MyoD transgene and infected control and DM1 fibro-
blasts with lentivirus particles, as done previously (Ravel-Chapuis 
et al., 2012). In parallel experiments, fibroblasts were infected with 
a control lentivirus expressing a GFP transgene to ensure that 
100% of the cells were efficiently transduced under these condi-
tions (Supplemental Figure S5). No evidence of cytoplasmic ag-
gregate of TIA-1 or DDX3 was observed in MyoD-converted myo-
blasts in the absence of arsenite treatment (Supplemental Figure 
S6). Three days after infections, we assessed the formation of SGs 
in arsenite-treated control and DM1 MyoD-converted myoblasts 
by immunofluorescence using DDX3 antibodies. Our results show 
that SGs still form in control human myoblasts. However, after 
MyoD infection, SG formation is significantly impaired in the three 
DM1 myoblast cell lines tested compared with control cells (p < 
0.05 vs. control GM01653 and GM03377 myoblasts, respectively; 
Figure 6, A–C). Accordingly, the total SG area was drastically de-
creased in the three DM1 cell lines cells (p < 0.05 vs. control 
GM01653 and GM03377 myoblasts, respectively; Figure 6D). 
However, the size of formed aggregates was unchanged between 
control and DM1 myoblasts (p > 0.05; Figure 6E), showing that 

FIGURE 3:  Staufen1 and TIA-1 are recruited concomitantly into SGs in myoblasts. 
(A) Proliferative C2C12 myoblasts were transfected with TIA-1-mCherry and Staufen1-GFP. 
Transfected cells were untreated or treated with 0.5 mM arsenite for 45 min. DAPI was used to 
stain nuclei. Arrowheads point to SGs. Right, magnifications of areas outlined by white boxes. 
Scale bars, 20 μm. For r, 18 cells were analyzed. (B) Time-lapse confocal microscopy using a 
spinning-disk confocal of transfected myoblasts after arsenite treatment (indicated time). Three 
independent experiments.
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MyoD conversion only slightly increased 
Staufen1 levels in DM1 versus control myo-
blasts. Note that Staufen1 forms a doublet 
at ∼55 kDa, as observed previously (Ravel-
Chapuis et al., 2012). Second, we measured 
CUGBP1 levels and observed an increase in 
GM03987 and GM03132 DM1 fibroblasts 
compared with control cells (Figure 7, D and 
E). In our conditions, we observed no in-
crease in CUGBP1 steady-state levels in 
DM1 versus wild-type cells once they were 
MyoD converted. We did not observe any 
correlation between expression of total 
DMPK mRNA transcripts and Staufen1 or 
CUGBP1 levels (compare Figure 7, A vs. D 
and E). The most likely interpretation for this 
is that the increase in Staufen1 that we pre-
viously reported was observed in vivo with 
muscle tissue samples from mature DM1 
mouse models and human patients (Ravel-
Chapuis et  al., 2012). This increase, as we 
suggested in our earlier work, represents an 
adaptation to the DM pathology that likely 
requires a certain level of cellular maturity 
and a threshold in disease phenotype for it 
to happen. Such in vivo maturity- and dis-
ease stage–dependent effects can be only 
partially recapitulated in culture conditions.

Because Staufen1 is recruited to SGs in 
normal skeletal muscle cells (see earlier dis-
cussion), we wondered whether Staufen1 
plays a role in SG formation in DM1 cells. To 
test this, we used a lentivirus expressing a 
specific Staufen1-targeting short hairpin 
RNA (shRNA). We recently showed that this 
lentivirus efficiently down-regulates endog-
enous Staufen1 protein levels in human pri-
mary muscle cells (Ravel-Chapuis et  al., 
2014). Three days after infection, the de-
gree of SG formation was assessed by im-
munofluorescence in control and Staufen1-
depleted DM1 myoblasts after arsenite 
treatment. Microscopy analyses show that, 
as hypothesized, SG formation was in-
creased in Staufen1-depleted DM1 cells 
compared with cells infected with a control 
lentivirus (Figure 8A). Quantitative analyses 
revealed a significant increase (p = 0.043 
and 0.058) in two DM1 cell lines tested 
(GM03987, 500 CTG; and GM03132, 1700 
CTG; Figure 8C). In a reverse experiment, 
we infected control human myoblasts 
(GM01653 and GM03377) with a lentivirus 
overexpressing a Staufen1 transgene or a 

control GFP. We observed a decrease in the total number of SGs in 
Staufen1-overexpressing cells (p = 0.0002 and 0.001 when compar-
ing GM01653 and GM03377, respectively; Figure 8, B and D). In 
these experiments, the overexpression and knockdown of Staufen1 
was verified by RT-PCR in both control and DM1 cells (Figure 8E). 
We conclude from these experiments that the modulation of 
Staufen1 levels regulates the efficiency of SG formation in DM1 
cells.

fibroblasts and MyoD-converted myoblasts. Because fibroblasts 
and MyoD-converted cells were collected at different times, quanti-
fications were expressed relative to their respective control cells. 
Results from wild-type control cells were pooled because no differ-
ence in Staufen1 and CUGBP1 expression levels were observed 
among the various cell lines (Supplemental Figure S7). First, such 
analyses revealed an increase in Staufen1 in GM03132 DM1 fibro-
blasts, which carry the largest CUG expansion (Figure 7, D and E). 

FIGURE 4:  Arsenite induces formation of SGs in myotubes. (A, B) Three-day-differentiated 
myotubes were untreated or treated with 0.5 mM arsenite for 45 min. Coimmunofluorescence 
stainings were performed using TIA-1 and DDX3 or TIA-1 and Staufen1 antibodies. (C) C2C12 
myoblasts transfected with TIA-1-mCherry and Staufen1-GFP were differentiated for 3 d. DAPI 
was used to stain nuclei. Arrowheads show SGs in myoblasts. Scale bars, 20 μm. For r, 9, 9, and 
12 cells were analyzed, respectively.
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Second, we show that Staufen1 depletion 
by shRNA in DM1 cells further promotes IR 
exon 11 skipping toward more severe DM1 
phenotypes (Figure 8E). This confirms the 
major role played by Staufen1 in alternative 
splicing regulation and its protective role in 
IR alternative splicing in DM1. Together 
these findings indicate that Staufen1 partici-
pates in both the inhibition of SG formation 
and the regulation of IR alternative splicing. 
Our data thus show that Staufen1 is a crucial 
disease modifier in DM1, having multiple 
and opposite—beneficial and detrimental—
roles in IR alternative splicing and SG forma-
tion, respectively.

DISCUSSION
In this study, we assessed the capacity of 
skeletal muscle cells to respond to stress by 
forming SGs. SGs are a large triage mRNA 
platform where stalled untranslated mRNA, 
multiple RNA-binding proteins, and mole-
cules involved in diverse signaling path-
ways transiently accumulate in response to 
stress. SGs therefore form in cells in an at-
tempt to adapt to and survive a transient 
stress (Kedersha et al., 2013). We used the 
well-characterized TIA-1, DDX3, and PABP1 
RNA-binding proteins as SGs markers to 
provide a detailed profile of SG formation 
in muscle cells. We showed the formation 
of distinct and characteristic cytoplasmic 
aggregates and near-perfect colocalization 
of SG markers in normal skeletal muscle 
cells in different states—proliferative, qui-
escent, and differentiated—in response to 
stressor exposure. Cytoplasmic granules 
containing SG markers have been de-
scribed in muscle cells, but information 
concerning their specific nature was frag-
mentary (Polesskaya et al., 2007; Huichalaf 
et al., 2010; Di Marco et al., 2012; van der 
Laan et al., 2012).

Normal skeletal muscle cells are subject 
to a variety of stress conditions, including 
mechanical stress during muscle contrac-
tion, oxidative stress due to the generation 
of free radicals, and ER stress (Kuwahara 
et  al., 2010; Castrogiovanni and Imbesi, 
2012; Rayavarapu et  al., 2012; Deldicque, 
2013). Our results showing that myoblasts 
can efficiently form SGs in response to oxi-

dative stress and ER stress are therefore important because they 
show that skeletal muscle cells possess protective mechanisms to 
cope with these various stressors. Of particular interest, we found 
here that the RNA-binding protein Staufen1 is also recruited to SGs 
in skeletal muscle cells. The presence of Staufen1 in SGs has been 
reported in primary rat oligodendrocytes (Thomas et al., 2005) and 
NIH3T3, HeLa, and BHK immortalized cell lines (Thomas et  al., 
2009) but never, to our knowledge, in skeletal muscle cells.

It is well documented that DM1 is caused by RNA toxicity. 
Expression of the mutant CUGexp mRNA leads to an imbalance in 

We first reported a novel role for Staufen1 in alternative splicing 
regulation, in particular insulin receptor (IR) splicing (Ravel-Chapuis 
et al., 2012; Bondy-Chorney et al., 2016). Indeed, we showed that 
Staufen1 overexpression promotes IR exon 11 inclusion in DM1 
cells, thereby rescuing normal IR alternative splicing patterns. Here, 
in a reverse experiment, we further analyzed the effect of Staufen1 
knockdown by shRNA on IR alternative splicing. First, we measured 
IR alternative splicing patterns in different DM1 cell lines by RT-PCR. 
As expected, we observed a CUGexp-size-dependent increase in 
skipping of IR exon 11 compared with a control cell line (Figure 8E). 

FIGURE 5:  No difference was seen in SG formation between wild-type and human primary DM1 
fibroblasts. (A) Human primary fibroblasts were untreated or treated with 0.5 mM arsenite for 
45 min. Coimmunofluorescence staining was performed using TIA-1 and DDX3 antibodies. 
Arrowheads show SGs in human fibroblasts. Right, magnifications of areas outlined by white 
boxes. For r, 9 random cells were analyzed. Control (B) and DM1 (C) human primary fibroblasts 
were treated with 0.5 mM arsenite for 45 min. Immunofluorescence staining was performed 
using DDX3 antibodies to visualize SGs. The same exposure conditions were used to ensure 
quantitative analyses. DAPI was used to stain nuclei. Scale bars, 20 μm. (D) Mean number of SGs 
per cell, (E) total SG area (in pixels) per cell, and (F) mean SG size (pixels) per cell. From 117 to 
174 random cells/condition were analyzed per condition in three independent experiments. 
ANOVA revealed no significant difference.
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perturbed. Here we add to this complexity 
by showing that the potential of DM1 myo-
blasts to respond to stress by forming SGs 
is reduced and that Staufen1 participates 
in this regulation.

Our present findings led us to propose 
that Staufen1 participates in the etiology of 
the DM1 disorder at least in part by de-
creasing the ability of DM1 cells to survive 
the stress generated by expression of the 
toxic CUGexp mRNA. Huichalaf et al. (2010) 
reported that CUGexp causes stress to DM1 
cells, activating a double-stranded RNA–
dependent protein kinase (PKR)-eIF2α 
signaling pathway and promoting the accu-
mulation of inactive CUGBP1-eIF2α com-
plexes into SGs, resulting in the inhibition of 
specific CUGBP1 translational mRNA tar-
gets in SGs. In addition, they showed that 
DM1 myoblasts display increased cytoplas-
mic TIA-1 staining in the absence of exter-
nal stress stimulation (Huichalaf et al., 2010). 
Here, however, we failed to observe any in-
crease in TIA-1 or DDX3 cytoplasmic stain-
ing in untreated DM1 fibroblasts or MyoD-
converted myoblasts in culture. This 
discrepancy could be attributed to differ-
ences in the origin of the cells used in these 
studies. Together such findings nonetheless 
reinforce the fact that the stress response is 
clearly affected in DM1 cells and that the 
combined action of Staufen1 and CUGBP1 
on SGs participates in the etiology of DM1.

In the present study, we thus unraveled 
a novel cellular event that likely partici-

pates in DM1 pathogenesis in skeletal muscles. Indeed, we 
showed that the potential of DM1 myoblasts to respond to stress 
by forming SGs is reduced and that Staufen1 participates in this 
repression. Very little is known about the role of SGs in normal 
skeletal muscle physiology and neuromuscular disorders. Two 
groups have reported that a point mutation in the coding region of 
TIA-1 is the primary cause of a rare adult-onset autosomal disorder 
called Welander distal myopathy (WDM; Hackman et  al., 2013; 
Klar et al., 2013). Immunostaining of patient biopsies revealed the 
increase of TIA-1 staining in vacuoles present in skeletal muscle 
fibers that are characteristic of the disease. The molecular conse-
quences of this specific mutation in TIA-1 remain to be elucidated, 

the expression of multiple RNA-binding proteins, including 
MBNL1, CUGBP1, and Staufen1. These proteins are known splic-
ing regulators, so their imbalance modifies alternative splicing of 
key pre-mRNAs, causing some of the main symptoms of DM1, 
such as insulin resistance and myotonia (Savkur et  al., 2001; 
Charlet et al., 2002; Yamashita et al., 2012). It has become evident 
that other aspects of RNA metabolism are also perturbed by the 
misregulation of these RNA-binding proteins. Studies have shown 
that miRNA biogenesis and mRNA stability and translation are 
also affected in the disease (Schoser and Timchenko, 2010; 
Mahadevan, 2012). Therefore DM1 appears as an even more 
complex disorder, with many aspects of RNA metabolism being 

FIGURE 6:  Impaired SG formation in DM1 myoblasts. Control (A) and DM1 (B) human primary 
fibroblasts were converted into myoblasts by MyoD-lentivirus infections. Three days after 
infections, myoblasts were treated with 0.5 mM arsenite for 45 min. Immunofluorescence was 
performed with DDX3 antibodies to visualize SGs. DAPI was used to stain nuclei. The same 
exposure conditions were used to ensure quantitative analyses. Scale bars, 20 μm. (C) Mean 
number of SGs per cell, (D) total SG area (in pixels) per cell, and (E) mean SG size (pixels) per 
cell. From 134 to 179 random cells/condition were analyzed in three independent experiments. 
ANOVA was performed, and asterisks indicate significance (*p ≤ 0.05 and **p ≤ 0.01).

Cell line Cell type CTG repeats Sex Age at sampling (yr) Symptoms

GM01653 Healthy N/A Male 37 N/A

GM03377 Healthy N/A Male 19 N/A

GM03523 Healthy N/A Male 21 N/A

GM03991 DM1 50–80 Female 76 Distal weakness, cataracts, clinical and electrical 
(electromyography) myotonia, and frontal baldness

GM03987 DM1 500 Male 39 Distal weakness, clinical and electrical myotonia, 
cataracts, and marked balding

GM03132 DM1 1700 Male 18 Bone deformities, muscle wasting, and myotonia

Coriell Cell Repositories, Coriell Institute for Medical Research, Camden, NJ.

TABLE 1:  Control and DM1 human fibroblasts.
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of the functions of Staufen1, such as alternative splicing, RNA 
granule transport, and/or stress response, which would implicate 
Staufen1 in the DM1 neuronal physiopathology in addition to its 
role in skeletal muscle.

MATERIALS AND METHODS
Antibodies
The antibodies used were anti-DDX3 (Bethyl Laboratories/Ceder-
lane, Burlington, Canada), anti-TIA1 and anti-CUGBP1 (Santa 
Cruz Biotechnology, Santa Cruz, CA), anti-PABP1 (Cell Signalling/
New England Biolabs, Whitby, Canada), anti-Staufen1 and anti–
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Abcam/
Cederlane), and anti-MyHC (MF20; Developmental Studies 
Hybridoma Bank, Iowa City, IA).

Cell culture conditions and stress granule formation
C2C12 cells (American Type Culture Collection/Cederlane) were 
maintained in growth medium (DMEM, 10% fetal bovine serum 
[Wisent Bioproducts, St-Bruno, Canada], 100 U/ml penicillin, and 
100 μg/ml streptomycin). To induce myogenic differentiation, 
C2C12 cells were allowed to become confluent on Matrigel-coated 
(BD Biosciences/Fisher Scientific) plates, and the medium was 
switched to differentiation medium (DMEM, 2% horse serum [PAA 
Laboratories, Piscataway, NJ], 100 U/ml penicillin, and 100 μg/ml 
streptomycin). Control (GM01653, GM03377, GM03523) and DM1 
(GM03991, GM03987, GM03132) human fibroblasts (Coriell Cell 
Repositories, Coriell Institute for Medical Research, Camden, NJ; 
Table 1) were grown according to instructions.

but an altered response to stress in WDM muscle cells may be 
expected.

A link between SGs and neurodegenerative disorders has been 
proposed. Many protein components of RNA granules are recruited 
to and modulate formation of SGs, including TAR DNA-binding pro-
tein 43 (TDP-43), Fused in Sarcoma (FUS), Survival of Motor Neuron 
(SMN), fragile X mental retardation protein (FMRP), and ataxin-2 
(Buchan, 2014). Mutations in these RNA-binding proteins or their 
misregulation contribute to neuronal cell dysfunctions and are be-
lieved to be the primary cause of various neurodegenerative disor-
ders. Staufen1 is a well-known component of cytoplasmic RNA 
granules in neuronal cells (Krichevsky and Kosik, 2001). Mice lacking 
functional Staufen1 show defects in dendritic mRNA transport and 
neuron morphology (Vessey et al., 2008). Staufen1 forms a complex 
with TDP-43 and FMRP proteins, as they coimmunoprecipitate in 
both SH-SY5Y neuroblastoma and HEK293T embryonic kidney cell 
lines (Yu et al., 2012). In addition, Staufen1 colocalizes with FMRP in 
Drosophila neuronal RNA granules and with TDP-43 in control and 
amyotrophic lateral sclerosis (ALS)–affected spinal motor neurons 
(Barbee et al., 2006; Volkening et al., 2009). This raises the possibil-
ity that in addition to its role in DM1 skeletal muscle, Staufen1 is also 
potentially involved in neurodegenerative disorders such as Al-
zheimer’s disease, ALS, and fragile X syndrome. Furthermore, DM1 
is a multisystemic disorder, and patients with DM1 display cognitive 
dysfunctions and intraneuronal aggregates of hyperphosphorylated 
Tau proteins in their CNS, connecting DM1 to the group of neuro-
degenerative diseases (Sergeant et  al., 2001). Perturbations in 
Staufen1 levels or activity in DM1 neurons might alter one or several 

FIGURE 7:  MyoD-conversion induces DMPK expression and aggregation in DM1 cells. (A) Relative quantification of 
DMPK mRNA levels in fibroblasts and MyoD-converted myoblasts as determined by qRT-PCR. Three independent 
experiments. (B) FISH of control human DM1 primary fibroblasts and MyoD-converted myoblasts (GM03132, 1700 CTG) 
using a Cy3-(CAG)10 probe. (C) Quantifications of FISH experiments. From 40 to 57 random cells/condition were 
analyzed. (D) Top, Western blots showing Staufen1 and CUGBP1 protein levels in wild-type and DM1 fibroblasts and 
MyoD-converted myoblasts. β-Actin was used as a loading control. Bottom, relative quantification of MyoD mRNA 
levels as determined by RT-PCR. GAPDH was used to show equal loading. (E) Quantifications of Staufen1 and CUGBP1 
levels normalized to GAPDH. Three or four independent experiments. Student’s t tests were used, and asterisks 
indicate significance (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001).
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blocking buffer (1× PBS, 1% bovine serum 
albumin [BSA], and 0.1% Triton). Cells were 
incubated with the primary antibody diluted 
in blocking buffer for 1 h at 37°C or over-
night at 4°C. Then the cells were thoroughly 
washed with 1× PBS and incubated for 1 h 
with Alexa secondary antibodies diluted in 
blocking buffer (Invitrogen Life Technolo-
gies/Fisher Scientific). Slides were mounted 
with Vectashield mounting medium (Vector 
Labs/Cederlane) containing 4′,6-diamidino-
2-phenylindole (DAPI) for staining of nuclei. 
Fluorescent images were visualized on a 
Zeiss Axio Imager.M2 microscope equipped 
with Zeiss 63× Plan-Apochromat 1.4 oil, 40× 
Plan-Apochromat 1.4 oil, and 20× Plan-
Apochromat 0.8 objective lenses. Images 
were acquired with a Zeiss AxioCam MRm 
detector and processed with the Zeiss Axio-
Vision software, Photoshop CS5 (Abobe 
Systems, San Jose, CA), or ImageJ (National 
Institutes of Health, Bethesda, MD).

For SG analysis, a constant exposure 
time was used during image acquisition to 
ensure comparison between the different 
conditions. Image analyses were performed 
using ImageJ software. A threshold value 
was fixed to a number allowing a good visu-
alization of SGs over the background in a 
control arsenite-treated condition and kept 
constant for all images. Longer exposure 
time resulted in an increase in background 
without affecting the measurement. SG 
number and size were then determined us-
ing the Analyze Particles module with a size 
threshold fixed at 10 to infinity. For SG 

analysis in human fibroblasts and MyoD-converted cells 117–179 
random cells/condition were analyzed in three independent experi-
ments. For up-regulation and knockdown of Staufen1 experiments, 
40 random cells/condition were analyzed. For colocalization analy-
sis, Pearson’s r was calculated using the Coloc 2 ImageJ plug-in. A 
region of interest corresponding to the whole cytoplasmic area was 
selected for r quantifications.

Live-cell imaging
C2C12 cells were transfected with Staufen1-GFP (Wickham et al., 
1999) and TIA-1-mCherry (derived from pEYFP-TIA-1, kindly pro-
vided by Nancy Kedersha, Harvard Medical School and Brigham 
and Women’s Hospital, Boston, MA) plasmids using Lipofectamine 
Plus reagent (Invitrogen Life Technologies/Fisher Scientific) accord-
ing to the manufacturer’s instructions. At 24 h later, 100,000 cells 
were plated on cell imaging dishes (Eppendorf/Fisher Scientific). At 
48 h after transfection, cells were imaged in phenol red–free me-
dium on a spinning-disk confocal microscope (Quorum Technolo-
gies, Guelph, Canada) with inverted stand equipped with an envi-
ronmental-controlled chamber (temperature, humidifier, and CO2) 
and 40× 1.3 oil PL APO objective lens. Images were acquired with 
an electron-multiplying charge-coupled device ImagEM detector 
(Hamamatsu/Quorum Technologies) and MetaMorph software 
(Molecular Devices/Quorum Technologies). Image acquisitions 
were performed every 5 min for 1 h after arsenite addition. Twenty 
z-stacks were taken for each channel and each time point. A total of 

Induction of SG formation was done by treating cells with 
0.5 mM arsenite (Sigma-Aldrich, Oakville, Canada) for 45 min at 
37°C. Alternatively, SG formation was also induced using 1 μM thap-
sigargin (Sigma-Aldrich) for 60 min at 37°C or by heat shock for 45 
min at 45°C. When specified, C2C12 cells were treated with CHX 
(50 μg/ml; Sigma-Aldrich) or puromycin (Puro, 10 μg/ml; Wisent Bio-
products) just before and for the entire duration of the arsenite 
treatment.

Lentivirus production and infections
pCDH-MyoD vector was obtained by subcloning MyoD cDNA from 
pBRIT-MyoD into pCDH-CMV-MCS-EF1-copGFP (System Biosci-
ences/Cederlane). pCDH, pCDH-MyoD, pCDH-Stau1 (Ravel-
Chapuis et al., 2012), plKO.1, and plKO.1-shStau1 plasmids (Open 
Biosystems GE Dharmacon/Fisher Scientific) were used as lentivec-
tors. Lentiviral particles were produced by transient transfection of 
293T cells with lentivectors along with psPax2 and pMD2.G packag-
ing plasmids. The conditioned medium containing viral particles was 
collected and used to transduce primary cells overnight in the pres-
ence of 6 μg/ml Polybrene (Sigma-Aldrich). Infected cells were 
grown for 3–5 d before analyses.

Immunofluorescence
Cells were fixed for 15 min in 1× phosphate-buffered saline (PBS) 
and 4% formaldehyde. Cells were permeabilized for 10 min with 
methanol at −20°C. Cells were rinsed with 1× PBS and blocked with 

FIGURE 8:  Rescue of stress granule formation by Staufen1 down-regulation in DM1 myoblasts. 
(A) Human DM1 primary myoblasts (GM03987, 500 CTG; and GM03132, 1700 CTG) were 
infected with a control lentivirus or a specific Staufen1 shRNA. Three days after transductions, 
cells were treated with 0.5 mM arsenite for 45 min. Immunofluorescence was performed with 
DDX3 antibodies to visualize SGs. (B) Wild-type primary myoblasts (GM01653 and GM03377) 
were infected with a control lentivirus expressing GFP or a lentivirus overexpressing Staufen1. 
Cells were then processed as in A. DAPI was used to stain nuclei. The same exposure conditions 
were used to ensure quantitative analyses. Scale bars, 20 μm. (C, D) Mean number of SGs per 
cell. A total of 40 random cells per condition were analyzed. Student’s t tests were used, and 
asterisks indicate significance (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). (E) Top, relative 
quantification of Staufen1 mRNA levels as determined by RT-PCR showing up-regulation or 
knockdown of Staufen1 after lentivirus infections. GAPDH was used to show equal loading. 
Bottom, IR alternative splicing profiles were assessed by RT-PCR. Numbers show the percentage 
of IR exon 11 inclusion.
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16 random cells from three independent experiments were imaged. 
Images were processed with ImageJ.

RNA fluorescence in situ hybridization
FISH was performed as previously described (Ravel-Chapuis 
et al., 2012). Briefly, cells were covered with 40% formamide and 
2× saline–sodium citrate (SSC) for 10 min and incubated for 2 h with 
10 ng of Cy3-labeled (CAG)10 oligonucleotide probe in hybridiza-
tion buffer (40% formamide, 2× SSC, 0.2% BSA, 10% dextran sul-
fate, 2 mM vanadyl adenosine complex, 1 mg/ml tRNA, and salmon 
sperm DNA). After washes, slides were mounted with Vectashield 
medium containing DAPI (Vector Labs) and visualized and analyzed 
as in the Immunofluorescence section. From 40 to 57 random cells/
condition were analyzed.

RNA extraction, reverse transcription, and real-time 
quantitative PCR
Total RNAs were extracted from samples using TRIzol (Invitrogen 
Life Technologies/Fisher Scientific) or TriPure (Roche/Sigma-Aldrich). 
A 1-μg amount of RNA was DNase-treated (Ambion/ThermoFisher 
Scientific, Ottawa, Canada), and cDNAs were synthesized using 
MuLV Reverse Transcriptase (Applied Biosystems/ThermoFisher Sci-
entific). mRNA expression was evaluated by real-time quantitative 
PCR (MX3005P; Stratagene/Agilent Technologies, Santa Clara, CA) 
using the QuantiTect SYBR Green PCR Kit (Qiagen, Toronto, Canada) 
according to the manufacturer’s instructions. The sequences of 
the primers were, for h-DMPK, forward, 5′-CCGTTGGAAGACT-
GAGTGC-3′, and reverse, 5′-CATTCCCGGCTACAAGGAC-3′). Re-
sults were normalized to at least three reference genes: GAPDH, 
SDHA, HMBS, or RPLI3A (Vandesompele et al., 2002). PCRs were 
performed using GoTaq (Promega/Fisher Scientific) according to 
manufacturer’s instructions. The sequences of the primers were as 
follows: for h-Staufen1, forward, 5′-CGGAACTTGCCTGTGAATTT-3′, 
and reverse, 5′-CCAGTTGCTCAGAGGGTCTC-3′); for m-MyoD, 
forward, 5′-TGGCATGATGGATTACAGCG’, and reverse, 5′-CCAC-
TATGCTGGACAGGCAGT-3′); for h-GAPDH, forward, 5′-TGCAC-
CACCAACTGCTTAGC-3′, and reverse, 5′-GGCATGGACTGTGG
TCATGAG-3′); and for h-IR, forward, 5′-CCAAAGACAGACTCT
CAGAT-3′, and reverse, 5′-AACATCGCCAAGGGACCTGC-3′.

Western blotting
Cells were resuspended in urea/thiourea buffer (7 M urea, 2 M thio-
urea, 65 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate, 100 mM dithiothreitol, 10 U of DNase I, and protease 
inhibitors [Complete; Roche/Sigma-Aldrich]), and the protein con-
centration was determined using the CB-X Protein Assay kit (G-Bio-
science, St. Louis, MO). A 20-μg amount of total proteins was sepa-
rated by SDS–PAGE and transferred onto nitrocellulose membranes. 
Nonspecific binding was first blocked with 1× PBS containing 5% 
skim milk, and membranes were then incubated with primary anti-
bodies. After thorough washing with 1× PBS with 0.05% Tween, 
membranes were incubated with horseradish peroxidase–conjugated 
secondary antibodies (Jackson Immunoresearch Laboratories/Ceder-
lane). After washes, signals were revealed using ECL reagents (Fisher 
Scientific) and autoradiographed with x-ray films (Fisher Scientific).

Statistical analysis
Student’s t tests and analysis of variance (ANOVA) were used to de-
termine whether differences between groups were significant. The 
level of significance was set at p ≤ 0.05. *p ≤ 0.05, **p ≤ 0.01, and 
***p ≤ 0.001. Means ± SEM are presented throughout, unless other-
wise specified.
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