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The RNA-binding protein Staufen1 impairs 
myogenic differentiation via a c-myc–dependent 
mechanism
Aymeric Ravel-Chapuis, Tara E. Crawford, Marie-Laure Blais-Crépeau, Guy Bélanger, 
Chase T. Richer, and Bernard J. Jasmin
Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, Ottawa, 
ON K1H 8M5, Canada

ABSTRACT Recent work has shown that Staufen1 plays key roles in skeletal muscle, yet little 
is known about its pattern of expression during embryonic and postnatal development. Here 
we first show that Staufen1 levels are abundant in mouse embryonic muscles and that its 
expression decreases thereafter, reaching low levels in mature muscles. A similar pattern of 
expression is seen as cultured myoblasts differentiate into myotubes. Muscle degeneration/
regeneration experiments revealed that Staufen1 increases after cardiotoxin injection before 
returning to the low levels seen in mature muscles. We next prevented the decrease in 
Staufen1 during differentiation by generating stable C2C12 muscle cell lines overexpressing 
Staufen1. Cells overexpressing Staufen1 differentiated poorly, as evidenced by reductions in 
the differentiation and fusion indices and decreases in MyoD, myogenin, MEF2A, and MEF2C, 
independently of Staufen-mediated mRNA decay. However, levels of c-myc, a factor known 
to inhibit differentiation, were increased in C2C12 cells overexpressing Staufen1 through 
enhanced translation. By contrast, the knockdown of Staufen1 decreased c-myc levels in 
myoblasts. Collectively our results show that Staufen1 is highly expressed during early stages 
of differentiation/development and that it can impair differentiation by regulating c-myc, 
thereby highlighting the multifunctional role of Staufen1 in skeletal muscle cells.

INTRODUCTION
Skeletal muscle cell development, or myogenesis, is a tightly regu-
lated process. Progenitor cells originating from somites are deter-
mined for the myogenic lineage and become proliferating myo-

blasts. On receiving proper signals, myoblasts undergo terminal 
differentiation by withdrawing from the cell cycle and fusing to form 
multinucleated myotubes. This myogenic terminal differentiation 
step involves the orchestrated expression of myogenic regulatory 
factors such as MyoD, myogenin, and myocyte enhancer factor-2 
(MEF2), as well as cell cycle regulators, including p21 and c-myc 
(Berkes and Tapscott, 2005; Buckingham and Vincent, 2009; 
Bismuth and Relaix, 2010; Bentzinger et al., 2012). Although tran-
scriptional control of myogenic events is now well recognized, post-
transcriptional regulation has emerged over the years as another key 
level of regulation necessary for complete muscle differentiation. In 
particular, RNA-binding proteins such as K-homology splicing regu-
lator protein (KSRP), Hu antigen R (HuR), CUG-binding protein 
(CUGBP), and muscleblind-like protein (MBNL) have been reported 
to play a functional role in muscle cell proliferation and differentia-
tion by affecting mRNA stability, decay, and/or translation of key 
target transcripts encoding proteins essential for differentiation 
(Timchenko et al., 2001; Squillace et al., 2002; Figueroa et al., 2003; 
Briata et al., 2005; Deschenes-Furry et al., 2005; Apponi et al., 2011; 
Farina et al., 2012; Amirouche et al., 2013). For example, it is well 
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two competing mRNA decay pathways: SMD (see earlier discussion) 
and nonsense-mediated mRNA decay (NMD). More specifically, it 
has been proposed that upon induction of differentiation, the effi-
ciency of SMD is increased, whereas that of NMD is reduced. As a 
consequence, SMD targets such as Paired box 3 (Pax3) mRNAs are 
destabilized, whereas classical NMD targets, that is, myogenin tran-
scripts, are stabilized (Gong et al., 2009). More recently, it was also 
reported that Staufen1-binding sites can be formed by intermolecu-
lar duplexing between short-interspersed elements (SINEs) found in 
the 3′UTR of target transcripts and those found in some long, non-
coding RNAs, which, functionally, can expand the list of putative 
SMD targets (Wang et al., 2013).

Despite these advances, it remains unknown whether Staufen1 is 
also regulated during mouse skeletal muscle development in vivo. 
In addition, the contribution of Staufen1 to the regulation of major 
myogenic regulatory factors and transcription factors such as MyoD 
or MEF2 remains unclear. Here we report the pattern of expression 
of Staufen1 during embryonic and postnatal skeletal muscle devel-
opment. In addition, we complement these findings by also examin-
ing the expression profile of Staufen1 during cardiotoxin-induced 
muscle degeneration/regeneration, a well-described in vivo model 
of myogenic differentiation. Finally, to better define mechanistically 
the role of Staufen1 in myogenic differentiation, we generated sta-
ble muscle cell lines overexpressing Staufen1 and assessed the func-
tional consequences of this increased expression on several markers 
of the myogenic program. Collectively our results show that Staufen1 
is highly expressed during early stages of muscle differentiation/de-
velopment and progressively decreases as differentiation proceeds, 
reaching low levels in mature muscle. Moreover, we show that sus-
tained expression of Staufen1 impairs differentiation by markedly 
reducing expression of key myogenic regulatory factors in a SMD-
independent manner while promoting translation of c-myc, which 
causes undifferentiated myoblasts to remain in a proliferative state.

RESULTS
Staufen1 expression decreases during mouse skeletal 
muscle development
To better understand the role of the RNA-binding protein Staufen1 
in skeletal muscle in vivo, we sought to investigate its temporal pat-
tern of expression during mouse skeletal muscle development. We 
performed Western blot analyses using protein extracts collected 
from wild-type mice at different stages of embryonic and postnatal 
development ranging from embryonic day 14.5 (E14.5) to adult 
(14 wk). Given the small size of limbs of mouse embryos, the whole 
muscle mass of the leg was used for E14.5, E18.5, and postnatal day 
1 (PN1). Tibialis anterior (TA) muscles were used for adult mice.

As a control, we first examined expression of CUGBP1, a devel-
opmentally regulated RNA-binding protein in skeletal muscle (Ladd 
et al., 2001, 2005; Lin et al., 2006). We show that its expression is 
significantly decreased during skeletal muscle development (p < 
0.001), recapitulating expression profiles previously observed 
(Figure 1, A and B). Then we analyzed Staufen1 levels and showed 
that Staufen1 is highly abundant in embryonic muscle limbs at E14.5 
(Figure 1, A and C). However, expression of Staufen1 decreases 
gradually (p < 0.001) throughout skeletal muscle mass develop-
ment, resulting in a low level of expression in mature adult muscle. 
Because the whole muscle mass was used in these experiments, we 
cannot exclude that Staufen1 is decreased in several cell types con-
tained within developing muscle tissues. By contrast, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and β-actin were used 
as loading controls and show increased expression during muscle 
mass development (Figure 1A). Together these results suggest that 

known that both HuR and KSRP bind to AU-rich elements (AREs) 
present in the 3′ untranslated region (UTR) of specific mRNAs, yet 
they regulate their stability in an opposite manner. Although located 
predominately in the nucleus in myoblasts, HuR shuttles to the cyto-
plasm upon induction of differentiation, where it binds and stabilizes 
p21, MyoD, and myogenin mRNAs, resulting in cell cycle arrest and 
promotion of myogenesis (Figueroa et al., 2003; van der Giessen 
et al., 2003; Deschenes-Furry et al., 2005; Beauchamp et al., 2010; 
von Roretz et al., 2011). In parallel, KSRP, which typically destabilizes 
target transcripts, dissociates from the common mRNA targets p21 
and myogenin, thereby also causing enhanced mRNA stability and 
hence acting in a coordinated manner with HuR (Briata et al., 2005).

As part of our efforts to identify RNA-binding proteins that play 
key roles in skeletal muscle, we became interested several years ago 
in Staufen (Belanger et al., 2003). Originally discovered in Drosophila, 
Staufen is an RNA-binding protein that associates with extensive 
RNA secondary structures through one or more double-stranded 
RNA–binding domains (Marion et al., 1999; Wickham et al., 1999). 
Studies in mammals revealed the existence of two genes named 
Staufen1 and Staufen2. The exact roles of Staufen1 have yet to be 
defined in mammals; however, it is known to be a component of 
RNA granules. In neurons, Staufen1-containing granules are trans-
ported in dendrites in a microtubule-dependent manner, suggest-
ing that Staufen1 is also involved in mRNA transport (Kiebler et al., 
1999; Kohrmann et al., 1999; Krichevsky and Kosik, 2001; Mallardo 
et al., 2003; Brendel et al., 2004; Kanai et al., 2004). This is sup-
ported by the observation that cultures of hippocampal neurons 
isolated from mice expressing a mutant form of Staufen1, which 
lacks the third RNA-binding domain, display impairment in the den-
dritic delivery of mRNA-containing ribonucleoprotein particles, as 
well as a clear reduction in spine morphogenesis (Vessey et al., 
2008). Staufen1 assumes other functions in mammalian cells in addi-
tion to its conserved role in mRNA transport. For example, Staufen1 
regulates the translational efficiency of a subpopulation of tran-
scripts when bound to their 5′UTR (Dugre-Brisson et al., 2005). Fur-
thermore, when Staufen1 binds downstream of a natural termina-
tion codon, it appears to elicit RNA degradation by a mechanism 
referred to as Staufen1-mediated mRNA decay (SMD; Kim et al., 
2005). Finally, we recently discovered a novel function of Staufen1 in 
alternative pre-mRNA splicing (Ravel-Chapuis et al., 2012). Subse-
quent work has shown that Staufen1 interacts with splicing factors in 
293T cells (Milev et al., 2012) and that it binds preferentially to tran-
scripts that are alternatively spliced in Drosophila cells (Laver et al., 
2013), thereby confirming our initial observation for a role of 
Staufen1 in pre-mRNA splicing. Altogether it is clear, therefore, that 
Staufen1 is a multifunctional protein involved in the regulation of 
distinct cellular events.

In a previous study, we characterized the skeletal muscle expres-
sion of Staufen1, as well as its preferential accumulation within the 
postsynaptic sarcoplasm of neuromuscular junctions (Belanger et al., 
2003; see also Gardiol and St Johnston, 2014). In fact, we were the 
first to report that Staufen1 levels are regulated during myogenic 
differentiation of cultured cells and that its level of expression varies 
according to the state of innervation and the phenotype of muscle 
fibers. These initial observations suggested that Staufen1 is a key 
component of muscle fiber plasticity and maturation. Others later 
confirmed the involvement of Staufen1 in myogenic differentiation, 
as the depletion of Staufen1 from C2C12 myoblasts achieved by 
small interfering RNA promotes the spontaneous formation of myo-
tubes in the absence of myogenesis induction (Yamaguchi et al., 
2008). In this context, it was also proposed that Staufen1 regulates 
myogenic differentiation by participating in the balance between 
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variability of protein expression, which is 
commonly observed when using animal tis-
sues. This induction of Staufen1 after cardio-
toxin injection follows a pattern similar to the 
one observed with CUGBP1, which is also 
involved in the regulation of myogenic dif-
ferentiation (Orengo et al., 2011).

To determine the cell type in which 
Staufen1 is increased during regeneration, 
immunofluorescence experiments were per-
formed using Staufen1 antibodies on cry-
ostat cross sections of TA muscles obtained 
4 and 7 d after cardiotoxin injections and 
control, saline-injected muscles. Laminin 
was used to delineate individual muscle fi-
bers. In normal mature fibers, Staufen1 is 
expressed at low levels, but faint cytoplas-
mic staining at the subsarcolemma can be 
distinguished (Figure 2, E and F). In sharp 
contrast, Staufen1 levels are markedly in-
creased in the cytoplasm of muscle fibers 
4 d after cardiotoxin injection, mostly in the 
perinuclear region of centrally located nu-
clei (Figure 2E). Such relocalization of 
Staufen1 during muscle regeneration likely 
reflects a need for an enhanced nuclear 
function of Staufen1 at this regeneration 
step. At 7 d postinjury, Staufen1 partially re-

turns to the periphery of muscle fibers but remains strongly associ-
ated with nuclei and perinuclear regions (Figure 2F). Therefore our 
results clearly show an increase of Staufen1 levels within regenerat-
ing skeletal muscles fibers, thereby further indicating that Staufen1 
is regulated during mouse skeletal myogenesis in vivo.

Levels of Staufen1 also decrease during myogenic 
differentiation of cultured cells
Primary human skeletal muscle cells (SkMCs) and myoblasts (HSMM) 
isolated from normal donors were also used to assess expression of 
Staufen1 during myogenic differentiation. The switch from high to 
low serum culture conditions induces myoblasts to exit the cell cycle 
and initiates differentiation by promoting the fusion of primary myo-
blasts into elongated, multinucleated myotubes. We thus measured 
the level of Staufen1 protein expression by Western blot during hu-
man primary cell differentiation and observed a progressive de-
crease in Staufen1 levels as cells differentiate (Figure 3, A and B). In 
fact, Staufen1 levels steadily decreased within 1–4 d after the switch 
to low serum, a time corresponding to the engagement of cells into 
the differentiation process, as confirmed by the induction of myo-
genin (Figure 3A).

Mouse C2C12 myoblasts consist of a myogenic cell line derived 
from satellite cells, which have been extensively used over the years 
as a model system to study myogenic differentiation ex vivo (Yaffe 
and Saxel, 1977). We were the first to report that Staufen1 is ex-
pressed and regulated in skeletal muscles (Belanger et al., 2003). 
However, after this initial discovery, discrepancies in the levels of 
Staufen1 protein and the role of Staufen1 during the myogenic dif-
ferentiation were reported (Kim et al., 2007; Yamaguchi et al., 2008, 
2012; Gong et al., 2009). Conflicting data and conclusions over 
time, even within articles from the same laboratories, led us to re-
analyze the level of Staufen1 in these cells. We therefore also mea-
sured the levels of Staufen1 and myogenin proteins during C2C12 
differentiation (Figure 3, C and D) and observed a steady decrease 

expression of the RNA-binding protein Staufen1 is developmentally 
regulated during mouse skeletal muscle development.

Expression of staufen1 is modulated during muscle 
regeneration
To further show that expression of Staufen1 is regulated during mus-
cle development in vivo, we also performed muscle regeneration 
experiments. Briefly, we injected cardiotoxin (CTX) in wild-type adult 
mouse TA muscles to induce muscle degeneration. After the initial 
degeneration period, muscle stem cells become activated, fuse, 
and differentiate to repair damaged fibers and create new ones, 
thereby partially recapitulating characteristics of myogenesis that 
occur during embryonic development (Condrea, 1974; Bentzinger 
et al., 2012; Yin et al., 2013).

Western blots were performed using TA protein extracts ob-
tained 2, 4, 7, and 14 d after cardiotoxin injection. Myogenin protein 
expression was initially analyzed. Note that in contrast to myotubes, 
adult muscles express low levels of myogenic regulatory factors, in-
cluding myogenin, because their expression is repressed by electri-
cal activity generated by motor neurons (Eftimie et al., 1991). Myo-
genin showed an increase (p < 0.001) in expression immediately 
after injury, thereby confirming the induction of muscle regenera-
tion. This was followed by a steady decrease (p < 0.001 and p < 
0.05) in myogenin expression levels as the regeneration process ad-
vanced to completion 14 days after cardiotoxin injection (Figure 2, A 
and B). As a control, GAPDH expression was measured and showed 
a slight decrease in protein levels at days 2 and 4 postinjury, as previ-
ously described (Orengo et al., 2011). In addition, Ponceau staining 
was used to confirm relatively even loading. Next we measured 
Staufen1 protein expression and observed that Staufen1 gradually 
increased (p < 0.001) from 2 to 7 d after cardiotoxin treatment (Figure 
2, A and C). Staufen1 expression then returned to control levels 14 d 
postinjury when muscle fibers are fully regenerated. Variations of 
Staufen1 levels within different time points reflect interindividual 

FIGURE 1: Staufen1 decreases in developing wild-type muscle. (A) Representative Western 
blots showing Staufen1, CUGBP1, β-actin, and GAPDH protein levels during skeletal muscle 
development. Samples were from embryos (E14.5 and E18.5), new-born mice (PN1), and adult 
mice (14 wk). Ponceau staining was used to show equal loading. (B, C) Relative quantification of 
Staufen1 and CUGBP1 protein levels, respectively (n = 3). Asterisks indicate significance 
(**p ≤ 0.01, ***p ≤ 0.001).
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Increased expression of Staufen1 
reduces the efficiency of myogenic 
differentiation
To determine specifically the effect of 
Staufen1 in skeletal muscle cell develop-
ment and investigate its involvement in 
myogenic control, we sought to prevent the 
decrease of Staufen1 by establishing stable 
C2C12 myoblast clones that overexpress a 
hemagglutinin (HA)-tagged Staufen1 con-
struct. Stable C2C12 myoblasts were ob-
tained by selecting for neomycin resistance 
with G418. Neomycin-resistant clones were 
then screened for Staufen1-HA expression 
by Western blotting using an anti-HA anti-
body (Figure 4A). Two clones, #15 and #25, 
were selected, along with a control cell line 
established with a pcDNA3 control vector. 
Comparative analysis between control and 
Staufen1-HA #25 was performed by West-
ern blot using anti-Staufen1 antibodies and 
showed that Staufen1-HA is overexpressed 
by at least ∼40% in clone #25 (unpublished 
data).

To test the effect of Staufen1-HA overex-
pression, we initially performed morpho-
logical analyses to assess the kinetics and 
efficiency of differentiation of the stable cell 
lines. Fusion of myoblasts into myotubes in 
both clones #15 and #25 was substantially 
reduced at 96 h of differentiation, as shown 
by immunofluorescence using a pan–myosin 
heavy chain (MyHC) antibody (Figure 4B). 
Decreased myoblast fusion likely results 
from a defect in the ability of cells to fuse, 
but it can also be caused by a decrease in 
the differentiation potential of myoblasts. To 
further quantify this defect in differentiation, 
we determined the fusion index (percent-
age of nuclei within myotubes having ≥3 
nuclei) and differentiation index (percentage 
of nuclei within myotubes plus MyHC-posi-
tive mononucleated cells). Both fusion and 
differentiation indices were significantly 
(p < 0.05) decreased in clones #15 and #25 
at 96 h of differentiation (Figure 4, C and D). 
In addition, the decrease in fusion and dif-
ferentiation indices was accompanied by a 
reduction (p < 0.05) in the overall myotube 
surface area (Figure 4E).

To complement these morphological 
analyses and further characterize the differ-
entiation defects, we analyzed expression of 
two key muscle genes expressed during the 

early and later stages of muscle differentiation. Protein and mRNA 
expression were determined via Western blot and real-time quanti-
tative reverse transcription-PCR (qRT-PCR), respectively. Our results 
show that overexpression of Staufen1-HA induced a dramatic re-
duction (p < 0.001) in the expression of myogenin and MyHC in 
clones #15 and #25 as assessed by Western blotting (Figure 5, A–C). 
The decrease in myogenin expression was also confirmed (p < 0.05) 
at the transcript level by qRT-PCR (Figure 5D).

of Staufen1 (p < 0.05), whereas myogenin is induced (p < 0.001). 
This decreasing pattern of Staufen1 expression in pure myogenic 
cell populations derived from both human and mouse as cells ma-
ture parallels the patterns observed during embryonic muscle de-
velopment and muscle regeneration. Together the latter findings 
indicate that the patterns of Staufen1 expression observed in vivo 
reflect, at least partially, the modulation of Staufen1 levels within 
muscle cells.

FIGURE 2: Staufen1 expression is modulated during skeletal muscle degeneration/
regeneration. (A) Western blots showing Staufen1, c-myc, and myogenin protein levels in 
regenerating TA muscles. TA muscles were injected with CTX to induce muscle degeneration 
and harvested at 2, 4, 7, and 14 d postinjection. Saline-injected muscles were used as controls. 
GAPDH and Ponceau staining were used to show equal loading. (B–D) Relative quantification of 
myogenin, Staufen1, and c-myc expression levels, respectively (n = 3). (E, F) Immunofluorescence 
on cryostat cross sections of control and CTX-injected TA muscles. Sections were stained with a 
Staufen1 (red) and laminin (green) antibodies and nuclei with DAPI (blue). Arrows point to 
marked staining of Staufen1. Same exposure parameters were used to allow the comparison of 
signal intensity. Using these parameters, a no-primary-antibody control shows no signal. Scale 
bars, 20 μm. Asterisks indicate significance (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001).
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tial. Therefore, to ensure that phenotypic 
and molecular changes observed in clones 
#15 and #25 are due to the expression of ex-
ogenous Staufen1-HA, transient transfec-
tions were also performed (Figure 5E). The 
results obtained from transient transfections 
also showed pronounced reduction in myo-
genin expression in Staufen1-HA–overex-
pressing cells, which significantly supports 
and reproduces findings obtained with sta-
ble cell lines, thereby ruling out a clonal 
effect.

The decrease in differentiation 
potential is MyoD independent
We then sought to investigate whether 
Staufen1 regulates expression of the myo-
genic regulatory factor MyoD, a crucial regu-
lator of myogenesis (Tapscott et al., 1988; 
Berkes and Tapscott, 2005; Buckingham and 
Vincent, 2009; Bismuth and Relaix, 2010; 
Bentzinger et al., 2012). We found that dur-
ing proliferation and differentiation, expres-

sion of MyoD was significantly reduced (p < 0.05) in both Staufen1-
HA–overexpressing clones compared with control cells (Figure 6, 
A–C). To assess whether the addition of exogenous MyoD could 
rescue the differentiation defect, we performed MyoD add-back 

C2C12 myoblasts can spontaneously lose the ability to differenti-
ate and fuse into myotubes due to selection through successive pas-
sages. In addition, selection of individual stable clones can result in 
the selection of myoblasts with altered intrinsic differentiation poten-

FIGURE 3: Staufen1 decreases during myogenic differentiation. (A, B) Western blots showing 
Staufen1 and myogenin protein levels in differentiating SkMCs and HSMM, respectively. β-Actin 
was used as a loading control. (C) Representative Western blots showing Staufen1 and 
myogenin protein levels in differentiating C2C12 cells. β-Actin was used to show equal loading. 
(D) Relative quantification of Staufen1 and myogenin protein levels from differentiating C2C12 
cells, respectively (n = 3). Asterisks indicate significance (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).

FIGURE 4: Staufen1 overexpression inhibits myogenic differentiation. (A) Representative Western blots showing 
expression of Staufen1-HA in stable C2C12 cell lines. Two clones displaying transgene expression were chosen (#15 and 
#25), along with a control stable cell line. (B) Immunofluorescence of stable cell lines after 96 h of differentiation. Cells 
were stained with a pan-MyHC antibody (red) and nuclei with DAPI (blue). Scale bars, 100 um. (C) Fusion index (n = 5), 
(D) differentiation index (n = 5), and (E) myotube surface area (n = 3) of stable cell lines after 96 h of differentiation. 
Asterisks indicate significance (*p ≤ 0.05, **p ≤ 0.01).
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2009; Bismuth and Relaix, 2010; Bentzinger et al., 2012). We there-
fore examined the mRNA levels of MEF2A and MEF2C by qRT-PCR 
in the Staufen1-HA–overexpressing clones. MEF2A and MEF2C 
mRNA levels were both decreased (p < 0.05) in Staufen1-HA–over-
expressing clones compared with those seen in control cells (Figure 
7, A and B). In these experiments, we observed a slightly greater 
variability in MEF2C mRNA levels within conditions. This likely ex-
plains why MEF2C mRNA levels are significantly decreased only at 
48 h in clone #15. As mentioned in the Introduction, Staufen1 is 
believed to be involved in the control of mRNA stability by a mecha-
nism referred to as Staufen1-mediated mRNA decay, which involves 
direct binding of Staufen1 to secondary structures present in the 
3′UTR of target mRNAs, and subsequent mRNA decay (Kim et al., 
2005). This degradation mechanism has been shown to target a 
specific subset of mRNAs, including Pax3, whereas other transcripts, 
such as myogenin, are unaffected (Gong et al., 2009).

We thus wondered whether Staufen1 induces decay of other 
mRNAs involved in myogenic differentiation in Staufen1-HA–over-
expressing stable cell lines. In this context, MEF2A mRNA appeared 
as a good candidate, as it was found to be present in Staufen1-
containing ribonucleoproteins, as revealed by microarray analysis 
(Furic et al., 2008), suggesting that Staufen1 may directly bind to 

experiments. Briefly, stable cell lines were transfected with MyoD-
Flag-myc or control vectors. After transfection, cells were allowed to 
differentiate for 3 d. First, the increase in MyoD expression was con-
firmed by Western blot using MyoD antibodies. In these blots, the 
lower band corresponds to endogenous MyoD and the upper band 
to ectopic MyoD-Flag-myc (Figure 6D). Note that we were able to 
restore normal MyoD levels in Staufen1-HA stable cell lines (compare 
CTL+pcDNA3 and #25+MyoD). Then we assessed the efficiency of 
differentiation by measuring expression of myogenin and by immun-
ofluorescence using a pan-MyHC antibody. As illustrated in Figure 6, 
E–G, no rescue of differentiation was observed in the Staufen1-HA 
stable cell line upon addition of MyoD-Flag-myc (compare both 
Staufen1-HA cells transfected with MyoD-Flag-myc to control cells 
transfected with MyoD-Flag-myc and to Staufen1-HA cells without 
MyoD-Flag-myc). Taken together, these findings show that the inhibi-
tion of differentiation induced by Staufen1 is MyoD independent.

Overexpression of Staufen1 decreases levels of MEF2 
mRNAs in a SMD-independent manner
It is well known that the transcription factor MEF2 synergizes with 
MyoD to control the myogenic program (Lilly et al., 1994; Molkentin 
et al., 1995; Berkes and Tapscott, 2005; Buckingham and Vincent, 

FIGURE 5: Staufen1 decreases the expression of the myogenic markers myogenin and MyHC. (A) Representative 
Western blots showing myogenin and MyHC expression during differentiation of Staufen1-HA–stable C2C12 cells. 
β-Actin was used to show equal loading. (B, C) Relative quantification of myogenin and MyHC protein levels, 
respectively (n = 3). (D) Relative quantification of myogenin mRNA levels as determined by qRT-PCR (n = 4). Levels were 
normalized to cyclophylin-B. (E) C2C12 cells were transiently transfected with mouse Staufen1-HA or a control empty 
vector (pcDNA3). At 24 h after transfection, cells were switched to differentiation medium and differentiated for the 
indicated time. Western blots showing myogenin expression in transfected cells. β-Actin was used as a loading control. 
Asterisks indicate significance (*p ≤ 0.05, ***p ≤ 0.001).
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out a contribution of SMD to the lower levels of these myogenic 
regulatory factors observed in our stable cell lines (Figure 7D). It is 
important to note that similar results were obtained in C2C12 myo-
blasts (unpublished data). Given these negative results, we decided 
to also examine as a positive control whether indeed Staufen1 can 
decrease expression of luciferase-3′UTR constructs containing the 
Arf1 3′UTR as originally done in the work leading to the concept of 
SMD (Kim et al., 2005, 2007). In our hands, Arf1 from both humans 
(Figure 7C) and mice (Figure 7D) did not appear subject to SMD (see 
Discussion for more details).

and regulate MEF2A mRNA. Thus we examined whether MEF2A 
and MEF2C are targets of SMD. To test this, we used a similar assay 
to the one previously described in the initial description of SMD 
(Kim et al., 2005). Briefly, luciferase constructs containing the 3′UTR 
of potential targets were generated (Figure 7, C and D) and trans-
fected in HeLa cells. If these transcripts are SMD targets, cotransfec-
tion of these 3′UTR-luciferase constructs together with Staufen1-HA 
should result in a decrease in reporter mRNA expression. Our results 
demonstrate that Staufen1-HA overexpression did not induce decay 
of MEF2A, MEF2C, and MyoD reporter constructs, thereby ruling 

FIGURE 6: MyoD does not rescue the differentiation defect. (A) Representative Western blots showing MyoD protein 
level during myogenic differentiation of Staufen1-HA–stable cell lines. β-Actin was used as a loading control. (B) Relative 
quantification of MyoD protein levels normalized to β-actin (n = 4). (C) Relative quantification of MyoD mRNA levels as 
determined by qRT-PCR. Levels were normalized to cyclophylin-B (n = 4). (D) Stable cell lines were transfected with 
control or MyoD expression vectors. At 24 h after transfection, cells were allowed to differentiate for the indicated time 
period. Western blots showing MyoD (lower band, endogenous MyoD; upper band, ectopic MyoD-Flag-myc protein) 
and myogenin expression levels. β-Actin was used to show equal loading. (E) Immunofluorescence using a pan-MyHC 
antibody. (F, G) Fusion and differentiation indices of C2C12 cells differentiated for 72 h. Scale bars, 100 μm. Asterisks 
indicate significance (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
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down-regulation of Staufen1 was accompanied by a decrease in 
c-myc protein levels (Figure 8E). Taken together, data obtained 
with these varied experimental systems show that Staufen1 clearly 
regulates c-myc protein levels in skeletal muscle cells. Finally, to 
complement this work, we also assessed the levels of c-myc during 
muscle regeneration. After an initial decrease in c-myc levels at 2 d 
after cardiotoxin injection, the level of c-myc increased and essen-
tially mirrored that of Staufen1 during early to mid phases of muscle 
regeneration, as expected based on our work with cells in culture 
(Figure 2, A and D).

Staufen1 is known to enhance the translation efficiency of a sub-
population of transcripts by binding to their 5′UTR (Dugre-Brisson 
et al., 2005). In addition, Staufen1 knockdown in U2OS cells reduces 
c-myc protein without affecting mRNA levels (Weidensdorfer et al., 
2009). Therefore we examined whether Staufen1 overexpression 
promotes translation of c-myc mRNA. To test this, we first generated 
a luciferase construct containing the 5′UTR of c-myc. The 5′UTR-lu-
ciferase construct was then cotransfected with Staufen1-HA or con-
trol vectors. For these assays, HEK293T cells were used in order to 
reproduce conditions that led to the discovery of the translational 
role of Staufen1 (Dugre-Brisson et al., 2005). After transfection, ex-
pression of luciferase was monitored by a luciferase assay, and the 
level of luciferase mRNAs was measured by qRT-PCR. Overexpres-
sion of Staufen1-HA resulted in an increase in luciferase activity 
(Figure 8F). Under these conditions, luciferase transcript levels were 
in fact decreased, which, together with the increase in luciferase ac-
tivity, strongly suggests that Staufen1 promotes translation of c-myc 
mRNAs (Figure 8F). In this context, it is important to note that a 

Overexpression of Staufen1 promotes c-myc translation 
and myoblast proliferation
In parallel to the characterization of myogenic regulatory factors in-
volved in muscle differentiation, we also performed a targeted ap-
proach to identify mRNAs regulated by Staufen1 and responsible 
for the impaired myogenesis. Although we examined the potential 
role of several candidates, including p21, RalGDS, cdk5, p35, junD, 
and c-jun, we were particularly interested in the transcription factor 
c-myc because it plays a role in the balance between proliferation/
differentiation and is a known potent myogenic inhibitor (Miner and 
Wold, 1991). Thus we analyzed the levels of c-myc protein and 
mRNA by Western blot and qRT-PCR, respectively, in control versus 
Staufen1-HA–stable cell lines. In these experiments, we observed a 
significant increase (p < 0.05) in c-myc protein levels in Staufen1-
overexpressing cells without a parallel increase in mRNA expression 
(Figure 8, A–C). In addition, we next determined whether knocking 
down Staufen1 expression had a reverse effect on c-myc protein 
levels in muscle cells. Thus C2C12 cells were transiently transfected 
with a short hairpin RNA (shRNA) targeting Staufen1 or a control. 
Western blot analyses showed a slight knockdown of Staufen1 in 
these experiments, together with a modest decrease in c-myc pro-
tein expression (Figure 8D). To circumvent the limitations linked to 
the relatively low transfection efficiency of C2C12 cells and improve 
the extent of the Staufen1 knockdown, we also transduced human 
primary HSMM cells with lentiviruses expressing one of two different 
shRNAs targeting Staufen1 or a control lentivirus. Western blots 
showed that both shRNAs induced a marked reduction in Staufen1 
expression. As expected on the basis of our overexpression studies, 

FIGURE 7: MEF2A, MEF2C, MyoD, and c-myc are not SMD targets. (A, B) Relative quantification of MEF2A and MEF2C 
mRNA levels in stable C2C12 cells as determined by qRT-PCR. Levels were normalized to cyclophylin-B (n = 4 and 3, 
respectively). (C) HeLa cells were cotransfected with luciferase vectors containing control or human Arf1 3′UTR together 
with human Staufen1. After transfection, relative levels of luciferase mRNAs were determined by qRT-PCR and 
normalized to 18S. Data were also normalized to the level of luciferase mRNAs in absence of Staufen1 overexpression. 
(D) HeLa cells were cotransfected with luciferase vectors containing control or mouse Arf1, MEF2A, MEF2C, MyoD, 
or c-myc 3′UTRs together with mouse Staufen1. Data were analyzed as in C (n = 3). Asterisks indicate significance 
(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001); ns, not significant.
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ribosomal subunits (40S, 60S, and 80S) whereas the bottom con-
tains mRNAs associated with polysomes. Then we compared the 
expression profile of c-myc mRNAs along each gradient. As ex-
pected, qRT-PCR revealed enrichment in the levels of endogenous 
c-myc transcripts in polysomal fractions from Staufen1-HA–stable 
cells (clone #25) in comparison to controls (Figure 8G). To confirm 
this effect, C2C12 cells were transiently transfected with a 
Staufen1-HA construct and analyzed as described. First, we 
confirmed by Western blotting the Staufen1-HA overexpression 

decrease in c-myc mRNA expression was also observed in Staufen1-
HA myoblasts and after 48 h of differentiation (Figure 8C). This de-
crease in c-myc transcript level also occurs in a SMD-independent 
manner (Figure 7D).

To confirm whether overexpression of Staufen1-HA increases 
the translation of c-myc mRNA, we performed polysome fraction-
ation experiments using proliferating stable cell lines. First, the 
optical density profiles of sucrose gradients were measured at 254 
nm (Figure 8G). The top of the gradient contains free mRNAs and 

FIGURE 8: Staufen1 overexpression increases c-myc protein expression levels and cell proliferation. (A) Representative 
Western blot showing c-myc protein levels during myogenic differentiation of stable C2C12 cells. β-Actin was used to 
show equal loading. (B) Relative quantification of c-myc protein levels normalized to β-actin (n = 3). (C) Relative 
quantification of c-myc mRNA level in stable cell lines as determined by qRT-PCR. Levels were normalized to 
cyclophylin-B (n = 3). (D) C2C12 cells were transfected with sh-Staufen1 or control vectors. Western blots showing 
decreased Staufen1 and c-myc protein levels. β-Actin was used to show equal loading. (E) HSSM primary cells were 
transduced with sh-Staufen1 or control lentiviruses. Western blots were performed as in D. The arrow shows the specific 
c-myc band, as determined in separate experiments by knocking down c-myc expression (unpublished data). (F) 293T 
cells were cotransfected with luciferase vectors containing the c-myc 5′UTR and with Staufen1 or control plasmids. After 
transfection, the relative activity of luciferase was determined along with luciferase mRNA levels by qRT-PCR. Data are 
also normalized to luciferase levels in absence of Staufen1 and to an empty vector (n = 3). (G) Polysome profiling of 
proliferating stable C2C12 cells. Top, polysome profile obtained by continuous reading of absorbance at 254 nm. 
Bottom, levels of c-myc mRNAs were measured by qRT-PCR from 10 1-ml sucrose gradient fractions. (H) Cell 
proliferation assays performed with stable C2C12 cell lines (n = 3). Asterisks indicate significance (*p ≤ 0.05, **p ≤ 0.01).
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relocates c-myc mRNAs to the polysomal fraction. Therefore it ap-
pears reasonable to argue that the increase in c-myc expression can 
be attributed to Staufen1 interacting with the c-myc 5′UTR to pro-
mote mRNA translation. Given the known role of c-myc in promot-
ing cellular proliferation while inhibiting differentiation, our results 
uncover a new mechanism by which Staufen1 contributes to the bal-
ance between proliferation and differentiation and the regulation of 
muscle cell development.

We also demonstrated that the Staufen1-mediated inhibition of 
myogenesis cannot be rescued by expression of MyoD. This is con-
sistent with the facts that 1) c-myc protein up-regulation is sufficient 
to inhibit differentiation of myogenic cells, and 2) the differentiation 
defect caused by c-myc cannot be bypassed by ectopic MyoD 
expression (Miner and Wold, 1991). Because increased rates of pro-
liferation are incompatible with the induction of the differentiation 
program, we propose that Staufen1 overexpression affects the effi-
ciency of myoblasts to differentiate into mature muscle fibers by at 
least partially promoting cell proliferation via this c-myc–dependent 
pathway.

Is Staufen1 promoting Staufen1-mediated decay during 
myogenic differentiation?
It is believed that Staufen1 controls mRNA stability by a mechanism 
called SMD. Binding of Staufen1 to a Staufen1-binding site (SBS) 
located in a 3′UTR triggers mRNA decay (Kim et al., 2005). This 
mechanism differs from NMD, as only Upf1, and not Upf2 or Upf3, 
is recruited to the target mRNA by Staufen1. SBS can be formed by 
intramolecular perfect base pairing forming a double-stranded 
stem-loop structure (Kim et al., 2007) or by intermolecular imperfect 
base pairing between Alu SINEs located in 3′UTRs of mRNAs and in 
long noncoding RNAs (Gong and Maquat, 2011; Wang et al., 
2013).

It has been proposed that SMD and NMD are competitive path-
ways during myogenic differentiation (Gong et al., 2009). Although 
the levels of Staufen1 and Upf1 are decreased during myogenesis 
(Wang et al., 2013), the current model suggests that SMD efficiency 
increases whereas the effect of NMD decreases during myogenesis 
due to a reduced affinity of Upf2 for Upf1 (Gong et al., 2009). These 
patterns of Staufen1 expression and of its SMD partner Upf1 are 
thus opposite to the proposed effect of SMD during myogenic dif-
ferentiation and appear physiologically counterintuitive. Moreover, 
Pax3 mRNA is a proposed SMD target decreased by Staufen1 in 
C2C12 myoblasts, thereby promoting myogenic differentiation 
(Gong et al., 2009). Pax3 is highly expressed in skeletal muscle pro-
genitor cells, and its down-regulation is necessary for these cells to 
commit to the myoblast lineage (Lagha et al., 2008). However, and 
in agreement with other groups (Kuang et al., 2006; Collins et al., 
2009; Kumar et al., 2009; Liu et al., 2010a), we were unable to de-
tect Pax3 mRNA expression by qRT-PCR in proliferating C2C12 
myoblasts (unpublished data). Therefore, whereas Pax3 down-regu-
lation by SMD may constitute an event for muscle progenitor cell 
determination, it appears unlikely that it controls the myoblast to 
myotube transition.

In our study, we performed a candidate approach to identify 
muscle mRNA targets of Staufen1 involved in myoblast differentia-
tion. Because expression of endogenous MyoD, MEF2A, and 
MEF2C mRNAs are decreased in stable C2C12 cells overexpressing 
Staufen1, we hypothesized that they may be SMD targets, despite 
the argument presented earlier. We used a strategy similar to the 
one used by the Maquat lab in the discovery of SMD by fusing can-
didate 3′UTRs downstream of a firefly luciferase reporter gene (Kim 
et al., 2007). None of the assessed targets decayed upon Staufen1 

(Supplemental Figure S1A). Then we determined by RT-PCR the 
distribution of c-myc mRNAs in the sucrose gradient and observed 
the same shift of c-myc mRNAs to the heavy polysome fraction 
upon Staufen1 overexpression (Supplemental Figure S1B). This 
shift in distribution of c-myc mRNAs to the polysome fractions 
shows that more ribosomes are loaded onto c-myc transcripts, 
thereby indicating that c-myc translation is enhanced by 
Staufen1-HA.

It is known that c-myc represses expression of genes involved in 
cell cycle, thereby inhibiting the irreversible proliferation arrest and 
promoting proliferation. Increased c-myc expression in Staufen1-
HA–stable cells should therefore result in increased cell prolifera-
tion. To test this, we performed proliferation assays by measuring 
bromodeoxyuridine (BrdU) incorporation rate in control versus 
Staufen1-HA–stable cell lines. Briefly, cells were cultured in the pres-
ence of the thymidine analogue BrdU for 2 h. BrdU-positive cells 
were then visualized by immunofluorescence using anti-BrdU anti-
bodies. We noticed a significant increase (p < 0.05) in cell prolifera-
tion in Staufen1-HA–stable cell lines (Figure 8H). Therefore the 
Staufen1-dependent increase in c-myc expression that we observed 
in terms of protein/mRNA steady-state measurements (Figure 8, 
A–C) and in c-myc translation efficiency (Figure 8, F and G) are both 
coherent with the dynamic change obtained in proliferation assays 
(Figure 8H). This increase in cell proliferation by Staufen1 observed 
after only 2 h of BrdU labeling reflects the relatively large effect of 
Staufen1 on the switch between proliferation and differentiation.

DISCUSSION
Regulation of Staufen1 and control of skeletal muscle cell 
development
Staufen1 has recently emerged as a multifunctional RNA-binding 
protein. Although a few studies have shown the importance of 
Staufen1 in skeletal muscle, little is known about its pattern of ex-
pression during embryonic and postnatal development. Further-
more, its precise role(s) in myogenic differentiation remain(s) frag-
mentary and conflicting (Belanger et al., 2003; Kim et al., 2007; 
Yamaguchi et al., 2008, 2012; Gong et al., 2009).

Here we found that expression of Staufen1 is high in E14.5 
mouse muscle mass and that decreases progressively thereafter, be-
coming expressed at low levels in mature muscles. This pattern fol-
lows expression profiles observed during SkMC, HSMM, and mouse 
C2C12 differentiation and muscle degeneration/regeneration. 
These complementary findings are basically all in agreement, dem-
onstrating that levels of Staufen1 are tightly regulated and de-
creased during muscle development and differentiation.

Given our convergent findings, we sought to prevent the de-
crease in Staufen1 expression during myogenesis. Our results show 
that sustained expression of Staufen1 clearly inhibits muscle differ-
entiation by causing decreases in the expression of multiple key 
myogenic markers. In addition, our analyses revealed that Staufen1 
overexpression increases c-myc protein levels without a parallel in-
crease in mRNA levels, suggesting, in this case, that Staufen1 regu-
lates the translational expression of c-myc. Moreover, down-regula-
tion of Staufen1 by shRNAs decreases c-myc protein levels. These 
results are in agreement with previous findings showing that c-myc 
protein levels are significantly reduced upon Staufen1 knockdown in 
U2OS osteosarcoma cells, whereas c-myc mRNA remains unaffected 
(Weidensdorfer et al., 2009). In this context, it has been reported 
that Staufen1 has the ability to increase translation of specific 
mRNAs with structured 5′UTRs (Dugre-Brisson et al., 2005). Accord-
ingly, here we show that Staufen1 overexpression increases transla-
tion of a luciferase reporter containing the 5′UTR of c-myc and 
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(Promega) containing a cytomegalovirus promoter. The orientation 
of inserts was determined by restriction digestion, and the integrity 
of sequences was confirmed by sequencing.

A Staufen1 shRNA construct was obtained by cloning the an-
nealed complementary oligonucleotides 5′-GATCCCGGCAACGGTA-
A C T G C C AT G T T C A A G A G A C AT G G C A G T TA C C G T T-
GCCTTTTTTCCAAA-3′ and 5′-AGCTTTTGGAAAAAAGGCAACGG-
TAACTGCCATGTCTCTTGAACATGGCAGTTACCGTTGCCGG-3′ 
into the BamHI–Hind III restriction sites of pRNAT-H1.1/Neo (Genscript, 
Piscataway, NJ) according to manufacturer’s recommendations.

The antibodies used were anti-HA.11 (16B12; Covance, Montreal, 
Canada), anti-Staufen1, anti–c-myc and anti-GAPDH (AbCam, 
Toronto, Canada), anti-CUGBP1 and anti–β-actin (3B1 and C4, re-
spectively; Santa Cruz Biotechnology, Santa Cruz, CA), anti-MyoD 
(MoAb 5.8A; BD Biosciences, Mississauga, Canada), anti-myogenin 
and anti-MyHC (F5D and MF20, respectively; Developmental Stud-
ies Hybridoma Bank, Iowa City, IA), and anti-laminin (Sigma-Aldrich, 
Oakville, Canada). Note that the band observed by Western blots 
for Staufen1 protein in mouse skeletal muscle cells is slightly above 
the 55-kDa mark. The band is specific for Staufen1, as its intensity is 
significantly decreased in protein extracts from cells expressing a 
shRNA targeting Staufen1 (see Figure 8, D and E).

Mouse muscle development and cardiotoxin injection
All surgical procedures were performed using aseptic conditions 
and were in complete agreement with the University of Ottawa 
Animal Care and Users Committee in compliance with the Guide-
lines of the Canadian Council on Animal Care and the Animals for 
Research Act. For developmental time course experiments, FVB/N 
mice were used. Skeletal muscles from mouse embryos were recov-
ered at E14.5 and E18.5 and in newborns PN1. Given the small size 
of limbs at these ages, the whole muscle mass of the leg was used. 
TA muscles from 14-wk-old mice were used for adult samples. For 
degeneration/regeneration experiments, 25 μl of 10−5 M cardiotoxin 
(Latoxan, Rosans, France) were injected into TA muscles of 5- to 
6-wk-old FVB/N mice to induce muscle degeneration and regenera-
tion as described previously (Condrea, 1974; Clow and Jasmin, 
2010). At different time points after injection, TA muscles were 
harvested, frozen in liquid nitrogen, and stored at −80°C until further 
analysis. Contralateral, saline-injected TA muscles were used as 
controls.

Cell culture, transfections, lentivirus infections, and stable 
cell lines
HeLa and HEK293T cells (American Type Culture Collection, 
Manassas, VA) were grown in growth medium (DMEM/10% fetal bo-
vine serum [HyClone, Thermo Fisher Scientific, Ottawa, Canada], 
100 U/ml penicillin, 100 μg/ml streptomycin). SkMCs and HSMM 
(Lonza, Allendale, NJ) were grown and differentiated according to 
manufacturer’s recommendations. Mouse C2C12 cells (American 
Type Culture Collection) were maintained as myoblasts in growth 
medium as previously described (Ravel-Chapuis et al., 2007). To 
induce myogenic differentiation, cells were allowed to become con-
fluent on Matrigel-coated (BD Biosciences) plates, and the medium 
was switched to differentiation medium (DMEM/2% horse serum 
[PAA Laboratories, Piscataway, NJ], 100 U/ml penicillin, 100 μg/ml 
streptomycin). Cell transfections were performed with 1 μg of DNA, 
Lipofectamine, and Plus Reagent (Invitrogen Life Technologies, 
Burlington, Canada) according to the manufacturer’s instructions. 
Stable cell lines were obtained by selection of transfected cells with 
G418 (1 mg/ml; Life Technologies) until appearance of stably trans-
fected clones. Clones expressing Staufen1-HA were screened by 

overexpression. We thus additionally tested the Arf1 3′UTR as a 
positive control for SMD. In our experiments, we used both human 
and mouse Arf1 3′UTRs, which contain two 19–base pair stem struc-
tures necessary to form the SBS (Kim et al., 2007). In contrast to 
previous work describing Arf1 as a canonical SMD target (Kim et al., 
2005, 2007), our results failed to provide any evidence that Arf1 
mRNA is destabilized by Staufen1 overexpression. While we were 
finalizing the manuscript for this article, two independent studies by 
the Moore and DesGroseillers labs using transcriptome-wide ap-
proaches also failed to obtain evidence of SMD upon Staufen1 over-
expression on global mRNAs and on previously identified SMD tar-
gets, including Arf1 (Boulay et al., 2014; Ricci et al., 2014). These 
findings are in excellent agreement with ours and together raise 
questions as to the validity and functional significance of the current 
SMD model.

Impact for myotonic dystrophy
Myotonic dystrophy type 1 (DM1) is caused by the misregulation of 
RNA-binding proteins. In particular, CUGBP1 and Staufen1 are in-
creased, and MBNL1 aggregates in the nucleus (Wheeler and 
Thornton, 2007; Lee and Cooper, 2009; O’Rourke and Swanson, 
2009; Mahadevan, 2012; Ravel-Chapuis et al., 2012). Of interest, 
MBNL and CUGBP1 are linked to the posttranscriptional control of 
myogenic genes during skeletal muscle differentiation, which may 
alter the differentiation potential of DM1 muscle cells (Amack and 
Mahadevan, 2001; Amack et al., 2002; Timchenko et al., 2001; 
Squillace et al., 2002; Apponi et al., 2011). Given our present find-
ings, it seems likely that expression of Staufen1 may also be altered 
in differentiating DM1 muscle, thereby further compromising differ-
entiation of these cells. It appears timely to examine the pattern of 
expression of Staufen1 in developing DM1 muscle and to deter-
mine whether it contributes to pathogenic events as these muscle 
fibers differentiate and regenerate. Such information will provide 
new mechanistic insights into the complex muscle phenotype seen 
in DM1 patients.

MATERIALS AND METHODS
Constructs and antibodies
The constructs used were pcDNA3 (Invitrogen Life Technologies, 
Burlington, Canada), mStaufen1-HA3 and hStau155-HA3 (Wickham 
et al., 1999), and MyoD-Flag-myc expression vector (Liu et al., 
2010b). The 3′UTR of human Arf1, mouse Arf1, MEF2A MEF2C, and 
c-myc was amplified by RT-PCR from C2C12 cells or mouse muscle 
extracts using primers containing a restriction site (underlined): 
hArf1 SBS (fwd-5′-ATTCTCGAGGTGAACGCGACCCCCCTCCC-
TCTCACTC-3′, rev-5′-CAGTCTAGACCAGGTGCCCATGGGCC TA-
CATCCCC-3′); mArf1 (fwd-5′-ATTCTCGAGACCAGA CCCC TCCCT-
CCC-3′, rev-5′-CAGTCTAGAAATAGTTAAGAGACTTTATTCTAA-3′) 
MyoD (fwd-5′-ATATTCTAGATCAGGTGCTTTGA GAGA TCG-3′, 
rev-5′-ATATTCTAGATATAAATTAGCGTCTTTATTTCCAACA-3′); 
MEF2A (fwd-5′-ATATTCTAGAGGCTTCCTGGTT CATG TTTG-3′, 
rev-5′-ATATTCTAGA TTCCAAGGTTCTGCTTGC-3′); MEF2C (fwd-5′-
ATATTCTAGATCTGAAGGATGGGCAACAT-3′, rev-5′-ATATTCTAGA-
AAGAGATGCAGACCCAGATTT-3′); and c-myc (fwd-5′-TAAGCA-
GCTAGCTAAACTGACCTAACTCGAGGAGGAG-3′, rev-5′-TGCTTA
GTCGACAGTTGGCCCAATTGTATTTTTTCCAATT-3′). PCR prod-
ucts were digested and subcloned into pmirGLO vector (Promega, 
Madison, WI) downstream of luciferase. The 5′UTR of c-myc was 
amplified by RT-PCR using the following primers: fwd-5′-
ATATCTCGAGGATTGGGGTACGCGCTGC-3′ and rev-5′-ATAT-
CTCGAGCGTCGTGGCTGTCTGCTG-3′. The PCR product was 
cloned upstream of luciferase into the modified pGL4.14 vector 
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SYBR Green PCR Kit (Qiagen, Toronto, Canada) according to the 
manufacturer’s instructions. The sequences of the primers were as 
follows: MyoD (fwd-5′-ACTTTCTGGAGCCCTCCTGGC-3′, rev-5′-
TTTGTT GCACTACACAGCATG-3′); MEF2A (fwd-5′-GAATGCCC-
AAAGG ATAAGCA-3′, rev-5’-CAGCATTCCAGGGGAAGTAA-3′); 
MEF2C (fwd-5′-ATCTGCCCTCAGTCAGTTGG-3′, rev-5′-CAGCTG-
CTCAA GCTGTCAAC-3′); myogenin (fwd-5′-CTACAGGCCTTGC-
TCAG CTC-3′, rev-5′-AGATTGTGGGCGTCTGTACG-3′); and c-myc 
(fwd-5′-GCCCAGTGAGGATATCTGGA-3′, rev-5′-ATCGCAGATG-
AAGCT CTGGT-3′). The measures were normalized to cyclophylin-B 
levels (fwd-5′-GATGGCACAGGAGGAAAGAG-3′, rev-5′-AACTTT-
GCCG AAAACCACAT-3′). For luciferase experiments, qRT-PCR was 
performed with luciferase (fwd-5′-TGCAAAAGATCCTCAACGTG-3′, 
rev-5′-AATGGGAAGTCACGAAGGTG-3′) and normalized to human 
18S (fwd-5′-GTAACCCGTTGAACCCCATT-3′, rev-5′-CCATCCAA-
TCGGTAGTAGCG-3′).

Luciferase reporter assay
After transfection, assays for luciferase enzymatic activity were 
performed on cell lysates using the Dual Luciferase Reporter Assay 
System (Promega) according to the manufacturer’s instructions. 
Measures were performed using a luminometer (Lumat LB 9507; 
Berthold Technologies, Oak Ridge, TN).

Proliferation assay
Cells were seeded on glass coverslips and left to proliferate over-
night. Proliferation was assessed using the BrdU Labeling and 
Detection Kit I (Roche) according to manufacturer’s instructions, 
using a 2-h BrdU incubation time. Coverslips were mounted with 
Vectashield mounting medium (Vector Labs) containing DAPI for 
staining of nuclei and visualized as described.

Polysome fractionation experiments
The 50% confluent proliferating stable cell lines were grown on 
150-mm plates. Cells were treated with 0.1 mg/ml CHX (Sigma-
Aldrich) for 5 min in fresh DMEM. Cells were washed twice with PBS 
containing CHX and subsequently lysed in RNA lysis buffer (0.3 M 
NaCl, 15 mM MgCl2, 15 mM Tris, pH 7.4, 1% Triton X-100, 0.1 mg/ml 
CHX, 100 U/ml RNasin). Nuclei and cellular debris were removed by 
centrifugation steps (3000 rpm for 5 min at 4°C and 14,000 rpm for 
5 min at 4°C). Five hundred microliters of the lysates was layered on 
continuous sucrose gradients (10–50% sucrose in 15 mM MgCl2, 
15 mM Tris, pH 7.4, 0.3 M NaCl). Centrifugations were carried out at 
39,000 rpm in a SW41-Ti rotor at 4°C for 90 min. Then 1-ml fractions 
were collected at a flow rate of 1 ml/min from top to bottom of the 
gradient while absorbance was measured continuously at 254 nm. 
Samples were digested with proteinase K, and total RNA was 
extracted.

Statistical analysis
Student’s t tests were used to determine 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 otherwise specified.

Western blotting, and they were maintained with G418 selection 
(0.5 mg/ml). Lentivirus production and cell transductions were per-
formed as described (Ravel-Chapuis et al., 2012) using pLKO.1-shS-
tau1 vectors (Open Biosystems GE Dharmacon, Lafayette, CO).

Immunofluorescence
Cells were fixed for 5 min in 1× phosphate-buffered saline (PBS) 
containing 1% formaldehyde. Cells were permeabilized for 5 min 
with 1× PBS and 0.5% Triton and blocked with 1× PBS with 1% bo-
vine serum albumin (BSA). Cells were incubated with the primary 
antibody diluted in 1× PBS containing 1% BSA and 0.1% Triton for 
1 h at 37°C or overnight at 4°C. Then, the cells were thoroughly 
washed with 1× PBS, and incubated for 1 h with Alexa secondary 
antibodies (Invitrogen Life Technologies). Slides were mounted with 
Vectashield mounting medium (Vector Labs, Burlington, Canada) 
containing 4′,6-diamidino-2-phenylindole (DAPI) for staining of 
nuclei. Fluorescence images were visualized by microscopy on a Z1 
AxioImager upright microscope (Carl Zeiss, Toronto, Canada). Phase-
contrast and low-magnification fluorescence images were obtained 
on an Axiovert S100 inverted microscope (Carl Zeiss). Images were 
processed with Photoshop CS5 (Adobe, San Jose, CA).

Differentiation index and fusion index
Myoblasts were seeded and allowed to differentiate for 24, 48, 72, 
or 96 h before fixation. Cells were immunostained for MyHC and 
DAPI as described, and images were acquired (10 random fields/
condition). The fusion index (percentage of nuclei within myotubes 
having ≥3 nuclei) and differentiation index (percentage of nuclei 
within myotubes plus MyHC-positive mononucleated cells) were 
then determined.

Western blotting
Dissected muscle extracts were crushed in liquid nitrogen and mus-
cle powder resuspended in RIPA buffer (50 mM Tris-HCl, pH 8.0, 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 
and protease inhibitors [Complete; Roche, Laval, Quebec]) or urea/
thiourea buffer (7 M urea, 2 M thiourea, 65 mM 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate, 100 mM dithiothreitol, 
10 U of DNase I, and protease inhibitors [Complete]). Protein con-
centration was determined using the bicinchoninic acid protein assay 
kit (Thermo Fisher Scientific, Ottawa, Canada) or CB-X Protein Assay 
kit (G-Bioscience, St. Louis, MO). Cells were washed and resus-
pended in RIPA buffer. Thirty micrograms 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, West 
Grove, PA). After several washes, signals were revealed using ECL 
reagents (PerkinElmer, Woodbridge, Canada) and autoradiographed 
with x-ray films (Thermo Fisher Scientific). Quantifications were per-
formed with Image Lab software (Bio-Rad, Mississauga, Ontario).

RNA extraction, reverse transcription, and real-time 
quantitative PCR
Total RNA was extracted from samples using TRIzol (Invitrogen Life 
Technologies) or TriPure (Roche). One microgram of RNA was DNase 
treated (Ambion Life Technologies, Burlington, Canada), and cDNAs 
were synthesized using MuLV Reverse Transcriptase (Applied Bio-
system Life Technologies). mRNA expression was evaluated by 
qRT-PCR (MX3005P; Stratagene, La Jolla, CA) using the QuantiTect 
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