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Introduction

The APC gene codes for a large protein with multiple cellular 
functions and interactions (Fodde et al., 2001a; McCartney and 
Näthke, 2008; Nelson and Näthke, 2013). APC is an essential 
component of the canonical Wnt signaling pathway and is re-
quired for the formation of a cytoplasmic complex that targets 
-catenin for proteasomal degradation when Wnt signals are ab-
sent (Clevers and Nusse, 2012). APC also participates in several 
cellular processes: cell adhesion and migration (Watanabe et al., 
2004), actin dynamics (Moseley et al., 2007), and chromosome 
segregation (Fodde et al., 2001b). In humans, APC mutations 
lead to the second most common cause of cancer death (Morin 
et al., 1997). More specifically, in high turnover tissues, such as 
in the intestine, loss or mutation of APC leads to uncontrolled 
proliferation and accumulation of aberrant cells, thereby lead-
ing to carcinogenesis (Sansom et al., 2004; Andreu et al., 2005). 
Due to its role in controlling cell cycle progression of several 
stem cell compartments, APC was a good candidate to regu-
late muscle stem cell proliferation and quiescence, which to 
date are poorly characterized.

In adult skeletal muscle, a tissue with slow turnover, a 
pool of Pax7+ muscle stem cells called satellite cells ensures 
myofibers regeneration after injury (Seale et al., 2000; Lepper 
et al., 2011; Günther et al., 2013). Satellite cells are quiescent 
and lie under the basal lamina of their host muscle fibers unless 

activated upon injury. After exit from quiescence, satellite cells 
leave their niche, proliferate, and either differentiate to fuse and 
form new fibers or self-renew to replenish the stem cell niche 
(Yin et al., 2013). Although a diverse range of signals have been 
shown to regulate skeletal muscle regeneration, the molecular 
mechanism underlying cell cycle progression of muscle stem 
cells remains to be fully elucidated.

Results and discussion

Loss of APC does not perturb satellite cell 
quiescence
To understand APC function in adult regenerative myogene-
sis, we used inducible gene inactivation. The APC gene was 
conditionally deleted in satellite cells by crossing APCflox/flox 
mice (Colnot et al., 2004) with tamoxifen (TM)-inducible Pax-
7CreERT2 mice (Lepper et al., 2009; termed APC SC-KO mice). 
After four daily TM injections in 2-mo-old animals (see Mate-
rials and methods; Fig. 1 A), we isolated by FACS and geno-
typed the satellite cells and the fibroblasts of tamoxifen-treated 
APC-SC-KO mice (Fig.  1 B). As expected, the APC-deleted 
specific band was detected only in satellite cells of APC-
SC-KO mice but not in satellite cells of control mice. Notably, 
the APC-deleted band was absent in the fibroblast’s genomic 
DNA (Fig. 1 B), thus confirming that APC gene disruption oc-
curred selectively in satellite cells. We further observed the ab-
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sence of APC protein (Fig. 1 C) and the nuclear accumulation 
of β-catenin protein (Fig. 1 D) in satellite cells of APC SC-KO 
extensor digitorum longus (EDL) single myofibers, 1 wk after 
the first TM injection. Efficient APC genetic disruption was 
observed in the vast majority of satellite cells after induction 

of Cre activity both on isolated myofibers (Fig.  1 E) and on 
tissue sections (Fig. 1 F).

We did not observe any alterations of skeletal muscles gross 
anatomy 1 mo after TM treatment. Uninjured tibialis anterior 
(TA) muscles of APC SC-KO mice appeared undistinguishable 

Figure 1.  Conditional APC gene disruption in the adult satellite cells does not affect skeletal muscle tissue integrity. (A) Schematic representation of TM regi-
men and muscle collection for control (Pax7CreER) and APC SC-KO (Pax7CreER;APClox/lox) mice. (B) PCR of gDNA extracted from FACS-sorted satellite cells (SC) 
and fibroblasts (Fib.) of TM-treated APC-floxed mice showing the accumulation of the ApcΔex14 band in satellite cells of mice that also express Pax7CreER. 
(C and D) Immunostaining on single EDL myofibers isolated 3 d after TM treatment. APC immunostaining (C) demonstrates efficient loss of APC expression 
in satellite cells (Pax7+) of APC SC-KO mice. β-Catenin immunostaining (D) shows that β-catenin is stabilized after APC knockout. (E and F) Quantification 
of the percentage of APC+ satellite cells on isolated EDL myofibers and the percentage of satellite cells with nuclear β-catenin on TA cryosections. Targeted 
APC gene disruption is efficient in vivo. (G) Hematoxylin and eosin staining on uninjured TA cryosections 30 d after TM treatment shows that tissue integrity 
is not altered after APC gene inactivation. (H) Distribution of myofibers cross-sectional area (CSA) shows no significant difference between uninjured TAs of 
control and APC SC-KO mice 30 d after TM treatment. (I and J) Quantification of the total number of satellite cells/mm2 (I) and of the proportion of ki67+ 
proliferating satellite cells (J) reveal that muscle stem cell quiescence is not perturbed upon APC loss. Bars: (C and D) 10 µm; (G) 50 µm. Nuclei are stained 
with Hoechst. Error bars indicate SEM. N.S., not significant (P > 0.05).
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from controls at the histological level (Fig. 1 G), and muscle fiber 
size remained constant (Fig. 1 H). APC loss did not lead satellite 
cells to leave their quiescent state, since both control and APC 
SC-KO TA muscles exhibited similar numbers of sublaminar 
Pax7+ satellite cells (Fig. 1 I) and a very low proportion of Ki67+ 
cycling satellite cells (Fig. 1 J). Collectively, our observations in-
dicate that APC gene disruption does not result in muscle satellite 
cell exit from quiescence or in their malignant transformation.

Conditional APC gene disruption in satellite 
cells results in complete failure of muscle 
regeneration
To determine if APC mutant satellite cells can support inju-
ry-induced myogenesis, we injured TA muscles by cardiotoxin 
injection (Chang et al., 1972; Fig. 2 A). The early satellite cell–
dependent events of regenerative myogenesis were abrogated 
after APC loss, as indicated by the total absence of accumu-
lating Pax7+ progenitors (Fig. 2 B) and of newly formed my-
ofibers expressing embryonic myosin heavy chains (e-MyHC; 
Fig. 2 C) 4 d after injury. 2 wk after injury, control muscles were 
fully regenerated and composed of functional myofibers (1,629 
± 278 regenerated myofibers/mm2), whereas APC SC-KO mus-
cles dramatically failed to regenerate (9 ± 7 regenerated my-
ofibers/mm2; Fig.  2  D), with the remaining tissue accounting 
for less than half the contralateral uninjured muscle weight 
(Fig.  2  E). Hematoxylin and eosin staining at different time 
points after CTX injection (ranging from 2 d to 28 d after in-
jury) confirmed the inability of APC SC-KO muscle to regener-
ate (Fig. S1). In APC SC-KO mice, muscle tissue was replaced 
by a scar tissue composed of Tcf4+ fibroblasts (Fig. 2, F and G) 
and a Collagen Type I matrix (Fig. 2, H and I). To rule out the 
possibility that the excessive Tcf4+ cells derived from mutant 
satellite cells that lost their identity, we performed regeneration 
assays in mice bearing the double-reporter Z/EG lineage tracing 
allele (Novak et al., 2000). In these mice, Cre activity results 
in the permanent expression of the EGFP in targeted cells and 
their descendants. In control conditions, all regenerated my-
ofibers derived from the Pax7 lineage, whereas APC SC-KO 
muscles did not contain EGFP+ cells (Fig. 2 K). Furthermore, 
we did not detect any Pax7+ cells in APC SC-KO TAs 14 d 
after injury (Fig. 2 L), indicating that adult-specific APC mu-
tant satellite cells cannot self-renew and repopulate the niche 
(Fig. 2 J). Thus, APC expression by satellite cells is required for 
injury-induced myogenesis.

APC is required for satellite cell survival
To determine whether the observed phenotype was cell-intrinsic 
or depended on the muscle microenvironment, we tried unsuc-
cessfully to grow in vitro satellite cell–derived primary myo-
blasts isolated from APC SC-KO muscles using a widely used 
protocol that routinely works in our hands (Fig. 3 A). We then 
isolated single myofibers with their associated satellite cells 
from EDL muscle and plated them on Matrigel. In these condi-
tions, satellite cells leave their niche and migrate away from the 
fibers to generate myogenic colonies. Compared with controls, 
APC-inactivated satellite cells were defective in expansion 
and failed to establish myogenic colonies (Fig. 3, B and C). To 
identify the cellular events involved in this process, we studied 
satellite cell behavior in their niche at the surface of isolated 
single myofibers in “floating” culture conditions (Fig. 3 D). We 
observed that mutant satellite cells did not incorporate BrdU 
and did not divide after 24 h and 30 h of culture (Fig. 3, E and 

F, respectively). As a consequence, while the number of myofi-
ber-associated satellite cells was not different between control 
and APC SC-KO myofibers directly after isolation, APC mutant 
satellite cells were unable to amplify and give rise to Pax7+ 
cells clusters (Fig.  3  G). More specifically, we observed that 
satellite cells of APC SC-KO myofibers expressed the active 
form of Caspase-3 (Fig. 3, H and I), indicating that they were 
undergoing programmed cell death. Importantly, we did not 
observe accelerated differentiation (Myogenin+ cells) in APC 
mutant satellite cells (Fig. 3 J). To test whether cell cycle arrest 
and programmed cell death are responsible for the regeneration 
failure of APC SC-KO mice, we performed BrdU incorpora-
tion assays after cardiotoxin injury and analyzed satellite cells 
at the earliest time point in vivo (48 h after injury; Fig. 3 K). We 
observed that, in contrast to control satellite cells, APC mutant 
satellite cells did not incorporate BrdU, demonstrating that they 
do not enter into S phase in vivo (Fig. 3 L). TUNEL staining 
further revealed an increase in the number of apoptotic cells in 
APC SC-KO muscles compared with controls (Fig. 3 M). Col-
lectively, our results suggest that APC is necessary for satellite 
cell survival at the time of exit from quiescence.

To understand the molecular mechanisms underlying the 
requirement of APC by satellite cells, and because APC SC-KO 
satellite cells did not grow in vitro, we silenced APC in prolif-
erating wild-type satellite cell–derived primary myoblasts (Fig. 
S2 A) and analyzed global gene expression 48 h after transfec-
tion using Affymetrix mRNA microarrays. APC knockdown led 
to down-regulation of 337 and up-regulation of 291 transcripts 
relative to mock-treated cells, with a false discovery rate (FDR) 
of <5% (Table S2). Differentially expressed genes had enriched 
gene ontology terms belonging to regulatory pathways asso-
ciated with nucleotide binding, chromosomes, and cell cycle 
(Table S1). Ingenuity pathway analysis demonstrated enrich-
ment of the programmed cell death pathway along with reduc-
tion of the cell cycle, cellular assembly, and DNA replication 
pathways (Fig. S2 B). Overall, changes in gene expression were 
consistent with apoptosis of APC-deficient primary myoblasts 
and indicated a link with impaired cell cycle progression. More 
specifically, we observed that transcription of proliferating cell 
nuclear antigen (PCNA) and several factors that associate with 
PCNA during DNA replication were down-regulated after APC 
silencing (Fig. S2 C). On single myofibers, quiescent satellite 
cells do not express PCNA whereas almost all activated sat-
ellite cells express high levels of PCNA proteins (Fig. S2 D). 
APC mutant satellite cells were unable to express PCNA pro-
teins (Fig. S2 E), and in these conditions PCNA silencing on 
single myofibers impaired satellite cell amplification, similarly 
to APC silencing (Fig. S2 F).

APC allows satellite cell progression 
through the cell cycle by dampening 
canonical Wnt signaling
We next aimed to understand which signaling cascade could ex-
plain the observed phenotype. By analyzing our microarray data 
with the Upstream Regulators tool of the Ingenuity software, we 
identified WNT3A as one of the pathways activated after APC 
silencing (Fig. S3 A). Indeed, 23 known canonical Wnt target 
genes were up-regulated in APC-depleted primary myoblasts 
(Fig. S3 B). We then determined the activation status of canoni-
cal Wnt signaling in satellite cells ex vivo and in vivo. We found 
that β-catenin was uniquely cytoplasmic (inactive signaling) in 
quiescent satellite cells and in satellite cells undergoing their 
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first division. However, strong β-catenin nuclear accumulation 
(active signaling) was detected in the progeny of satellite cells 
at the time of fate commitment and cell cycle exit (Fig. S3 C). 
Accordingly, expression of the Wnt reporter allele Axin2LacZ 
(Lustig et al., 2002) was not detected in uninjured muscles, but 
strongly marked Myogenin-expressing differentiating satellite 
cells during muscle regeneration (Fig. S3 D). These data show 
that Wnt/β-catenin signaling is inactive during satellite cell qui-

escence, and becomes activated upon myogenic commitment. 
Thus, our results suggest that APC-depleted satellite cells pres-
ent unscheduled aberrant activation of canonical Wnt signaling.

To test whether the phenotype of APC mutant cells was a 
direct consequence of canonical Wnt signaling overactivation, 
we simultaneously silenced APC and inhibited the Wnt/β-cat-
enin pathway by combining APC and β-catenin siRNAs in vitro 
(Fig. 4 A). Using this strategy, we were able to completely ab-

Figure 2.  APC is required for adult skeletal 
muscle regeneration. (A) TM regimen and car-
diotoxin (CTX) injury scheme for control and 
APC SC-KO mice. (B and C) Immunostaining 
for Pax7 (B) and e-MyHC (C) on TA cryosec-
tions 4 d after injury. (D–L) Analysis of TA 
muscles 14 d after injury reveals that tissue 
regeneration is defective in APC SC-KO mus-
cles. (D) Whole sections of TA muscles immu-
nostained for Laminin. Immunostaining for Tcf4 
(F), type 1 Collagen (H), and Pax7 and Laminin 
(L) on TA cryosections is shown. Quantification 
of TA weight 14 d after injury normalized by 
uninjured TA weight (E), of the number of Tcf4+ 
cells/mm2 (G), of relative Collagen+ area (I), 
and of sublaminar Pax7+ cells (normalized 
by Pax7+ cells of uninjured TA; J) is also 
shown. (K) GFP immunostaining on transverse 
sections of TAs isolated from Pax7CreER;Z/EG 
(Control-Z/EG) and Pax7CreERAPClox/lox;Z/EG 
(APC SC-KO-Z/EG) 14 d after injury demon-
strates that APC-null satellite cells do not give 
rise to new myofibers, nor trans-differentiate 
in other cell types. Bars: (B, C, F, H, K, and 
L) 50 µm; (D) 200 µm. Nuclei are stained 
with Hoechst. Error bars indicate SEM. Inset 
panels show a 2× enlargement.
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rogate transcriptional activation of the Wnt target gene Axin2 
transcription by concomitant APC and β-catenin silencing 
(Fig.  4 B). We further observed the rescue of adequate G1-S 
checkpoint gene expression in APC;β-catenin double-silenced 
cells compared with cells only transfected with APC-target-
ing siRNA (Fig. 4 C). Strikingly, while simple APC silencing 

blocked BrdU incorporation and decreased the percentage of 
S-phase cells in proliferating primary myoblasts, silencing of 
both APC and β-catenin restored normal cell cycle progression 
(Fig. 4, D and E). In this experimental setup, we observed that 
the induction of programmed cell death in primary myoblasts 
after APC silencing requires β-catenin, as quantified by TUNEL 

Figure 3.  APC-null satellite cells lose their 
myogenic potential and undergo apoptosis 
upon activation. (A) Scheme of success ratio in 
generation of primary myoblasts culture from 
TM-treated control and APC SC-KO mice. (B) 
Pax7, MyoD, and Myogenin immunostaining 
on myogenic colonies obtained from single 
EDL fibers cultured on Matrigel for 7 d.  (C) 
Quantification of the number of myogenic and 
nonmyogenic cells per colony obtained in B.   
P-value refers to the myogenic proportion. 
(D) Pax7 immunostaining on single EDL fibers 
isolated and fixed (0 h) or cultured in floating 
conditions for 30 or 48 h (broken lines indi-
cate the underlying fiber). (E) Quantification 
of BrdU-incorporating satellite cells on EDL fi-
bers after 24  h of culture. (F) Quantification 
of satellite cell doublets per fiber after 30 h of 
culture. (G) Quantification of total number of 
satellite cells per fiber after 0, 30, and 48 h 
of culture. (H) Pax7 and activated Caspase3 
(act-Casp3) immunostaining on EDL single fi-
bers after 30 h of culture. (I) Quantification of 
apoptotic satellite cells after 30  h of culture. 
(J) Quantification of the percentage of satellite 
cells on EDL fibers expressing Myogenin after 
30 h of culture. (K) Schematic representation 
of the in vivo analysis of satellite cell prolifer-
ation and survival upon muscle injury. (L and 
M) Quantification of BrdU-incorporating satel-
lite cells on regenerating EDL fibers (L) and of 
apoptotic cells by TUNEL staining on TA sec-
tions (M) 2 d after injury. Bars: (B) 100 µm; (D 
and H) 10 µm. Error bars indicate SEM. N.S., 
not significant (P > 0.05).
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assay (Fig. 4 F). To determine whether β-catenin inactivation 
could compensate for APC loss in vivo, we conditionally de-
leted both genes in adult satellite cells. We used the Pax7CreERT2 
allele to recombine both APC floxed alleles along with one (SC 
APC-KO; βcat-HET) or two (SC APC-KO; βcat-KO) β-catenin 
floxed alleles (Brault et al., 2001) in adult mice. Strikingly, car-
diotoxin-induced muscle regeneration was completely restored 
in TA muscles with APC;β-catenin double inactivated satellite 
cells (Fig. 4 G), as assessed by quantification of satellite cell 
numbers (Fig. 4 H) and regenerated fiber size (Fig. 4 I) 2 wk 
after injury. Importantly, recombination of only one β-catenin 
allele resulted in a partial rescue of APC genetic disruption. In 
this context, muscle regeneration occurred but satellite cells 
could not repopulate their niche, and the regenerated myofibers 
were smaller as compared with single or double inactivated 
TAs. These data demonstrate that cell cycle arrest and apoptosis 
after APC inactivation are triggered by β-catenin overactiva-
tion. Collectively, these experiments demonstrate that specific 
levels of canonical Wnt signaling are the major determinant of 
the observed phenotype in APC-SC-KO mice.

Conclusions
Here we report that APC is absolutely necessary for regenera-
tive myogenesis. We show that APC inactivation in stem cells 
of a low-turnover tissue results in inhibition of proliferation and 
programmed cell death. This is in contrast with previous ob-
servations of several tissues with high turnover rate, in which 
APC acts as a tumor suppressor. Interestingly, these constantly 
renewing tissues have high tumor incidence, and it has been 
demonstrated, at least in some cases, that tumors derive from 
residing stem cells (Barker et al., 2009). In these cells, β-catenin  
hyperactivation after APC loss promotes unscheduled prolifera-
tion leading to neoplastic transformation (van de Wetering et al., 
2002; Sansom et al., 2007). Importantly, this paradigm cannot 
be extended to skeletal muscle. Our data supports the evidence 
that tissue-specific stem cells have different susceptibility to 
cancer initiation, and suggest that these differences rely on tis-
sue-specific functions of APC and the Wnt/β-catenin pathway.

Wnt/β-catenin signaling has previously been associated 
with skeletal muscle tissue repair. More specifically, regenerat-
ing muscle tissue expresses many Wnt ligands, and both the in-
jection of recombinant Wnt3a protein (Brack et al., 2008) or the 
electroporation of a Wnt3a-expressing plasmid (Le Grand et al., 
2009) perturbed the regeneration process by promoting myo-
genic lineage progression and differentiation. Further, expres-
sion of the constitutively active form of β-catenin, specifically 
in satellite cells, did not affect tissue regeneration, but rather 
prolonged the regenerative response (Murphy et al., 2014).

We observed that targeted APC gene disruption in satellite 
cells results in a massive up-regulation of canonical Wnt signal-
ing that leads to complete failure of tissue regeneration. While 
unexpected, this phenotype is not contradictory with previous 
work since it is known that Wnt signaling influences self-re-
newing cells in a dosage-dependent fashion. Notably, Wnt sig-
naling dosage modulates the capacity of embryonic stem cells 
to differentiate into the three main germ layers in vitro (Kiel-
man et al., 2002) and regulates hematopoiesis in vivo (Luis et 
al., 2011). In animal models that develop cancer, different mu-
tation types in different members of the Wnt pathway result in 
different signaling doses associated with specific tumors in sus-
ceptible tissues (Fodde and Smits, 2001). APC gene disruption 
represents the strongest possible activation of canonical Wnt 

signaling, as APC controls β-catenin protein stability in the cy-
toplasm, and also facilitates the repression of Wnt target genes 
at the chromatin level (Sierra et al., 2006).

Our results clearly indicate that different doses of β-cat-
enin made available for Wnt signaling resulted in different cel-
lular responses and, consequently, in different degrees of tissue 
regeneration. Full inactivation of canonical Wnt signaling by 
removal of β-catenin in APC-null satellite cells completely 
restored muscle tissue regeneration, whereas mild activation 
of the pathway after genetic disruption of only one allele of 
β-catenin in APC-null satellite cells resulted in an intermediate 
regeneration phenotype that can be compared with the minor re-
generation defects observed after administration of exogenous 
Wnt proteins to the muscle tissue (Brack et al., 2008; Le Grand 
et al., 2009) and to the genetic activation of β-catenin in satellite 
cells (Murphy et al., 2014).

In this study we provide genetic evidence that, in the 
early phases of muscle tissue repair, canonical Wnt signaling 
is dampened by APC in satellite cells to allow their proper cell 
cycle entry and progression. Clinically, β-catenin or other ca-
nonical Wnt signaling regulators can be targeted (Liu et al., 
2013) to drive the expansion of human satellite cells or induced 
pluripotent stem (iPS)-derived myogenic cells for skeletal mus-
cle tissue repair with far-reaching medical impact.

Materials and methods

Mice
Experimental animal protocols were performed in accordance with the 
guidelines of the French Veterinary Department and approved by the 
University Paris-Descartes Ethical Committee for Animal Experimen-
tation. All experiments were performed on age- and sex-matched mice, 
with an equal ratio of male to female mice. Generation and genotyp-
ing of the Pax7CreERT2, APCflox/flox, β-cateninflox/flox, Z/EG, and Axin2LacZ 
lines have been described previously. The Pax7CreERT2 allele is a null 
allele. The Cre-ERT2-IRES-DsRed cassette has been inserted in place 
of Pax7 exon 1 and 2. The APCflox allele is a conditional null allele. 
The exon 14 of the APC gene was flanked with loxP sequences. The 
β-cateninflox allele is a conditional null allele. LoxP sequences were 
inserted in the β-catenin gene the before exon 2 and after exon 6. The 
Z/EG allele is a double reporter allele. The Z/EG transgene consists of 
the strong (pCAGGS) promoter directing expression of a loxP-flanked 
β-geo (lacZ/neomycin-resistance) fusion gene. Following is the cod-
ing sequence of the enhanced GFP. In this configuration, EGFP is ex-
pressed after Cre recombinase activity. The Axin2LacZ allele is a null 
allele. In-frame insertion of a nuclear-localized β-galactosidase (NLS-
lacZ) gene into the endogenous Axin2 start codon resulted in deletion 
of the Axin2 exon 2. The Axin2LacZ mice were a gift from A.A. Chassot 
(Institut de Biologie Valrose, Nice, France).

Induction of Cre activity and cardiotoxin injury
I.p.  injections of tamoxifen from MP Biomedicals at 5  µl per gram 
body weight of 20 mg/ml diluted in corn oil were administrated to 
2-mo-old mice daily for 4 d before injury. For muscle injury experi-
ments, mice were anaesthetized by i.p.  injection of Ketamin-Xylazin 
(Centravet) at 10 µl per gram body weight of 80–10 mg/ml diluted in 
saline. Mouse legs were cleaned with alcohol and tibialis anterior mus-
cles were injected with 35 µl of cardiotoxin solution (12 µM, diluted in 
saline; Latoxan) using an insulin needle (3/10 cc insulin syringe; BD). 
For in vivo proliferation assays, we used four i.p. injections of BrdU at 
5 µl per gram of body weight of 10 mg/ml diluted in saline.
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FACS-mediated cell isolation
Satellite cells were obtained from adult hindlimb muscles after en-
zymatic digestion followed by FACS purification. In brief, after dis-
section cells were digested for 1.5  h in digestion solution (2 mg/ml 
Collagenase A, 2.4 U/ml Dispase II, and 10 µg/ml DNase I, in HBSS; 
all from Roche). After digestion, cells were washed with wash buffer 
(0.2% BSA in HBSS; Gibco) and filtered twice; once with a 100-

µm strainer and once with a 45-µm strainer (Corning). Cells were 
then stained with the following antibodies: rat CD31, rat CD45, rat 
TER119, rat Ly6A (SCA1), rat CD106 (eBioscience), and rat α7 in-
tegrin (R&D Systems) and sorted using a cell sorter (FACS Aria II; 
BD). Satellite cells were isolated as CD31neg CD45neg Ter119neg Sca1neg 
α7 integrinpos. Fibroblasts were isolated as CD31neg CD45neg Ter-
119neg Sca1pos α7 integrinneg. Genomic DNA from satellite cells and 

Figure 4.  APC controls satellite cell proliferation and survival by dampening Wnt/β-catenin signaling. (A–C) RT-qPCR analysis of gene expression in pro-
liferating primary myoblasts after siRNA treatment. Apc and β-catenin levels (A) show efficient reduction of the transcription of genes targeted by siRNA, 
whereas Axin2 levels (B) reveal that Wnt/β-catenin overactivation is blunted in APC;β-catenin double silenced cells. Cdkn1a induction and concomitant 
decrease of cdc6 and chek1 expression after APC knockdown reflect a G1/S arrest (C). (D) Quantification of BrdU+ primary myoblasts 48 h after siRNA 
transfection. (E) Distribution of primary myogenic cells in each cell cycle phase assessed by quantification of propidium iodide (PI) incorporation 48 h after 
siRNA transfection. P-value refers to S phase. (F) Quantification of apoptotic index by TUNEL staining on primary myoblasts 48 h after siRNA transfection. 
(G) TA cryosections 14 d after injury immunostained for Pax7 and Laminin. Nuclei were stained with Hoechst. Bars, 50 µm. Inset panels show 2× enlarge-
ments. (H) Quantification of sublaminar Pax7+ cells 14 d after injury (normalized by Pax7+ cells of noninjured TA). (I) Quantification of TA muscle fibers 
cross-sectional area (CSA) 14 d after injury. N.D., not determined. Error bars indicate SEM.
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fibroblasts was purified using QUICK-GDNA Microprep (Zymo Re-
search). Sequences of the primers used for genotyping PCR were as  
follows: APC-Fwd, 5′-CTGTTCTGCAGTATGTTATCA-3′; APC-
Rev-Lox, 5′-CTATGAGTCAACACAGGATTA-3′; APC-Rev-Del, 
5′-TATAAGGGCTAACAGTCAATA-3′.

Histology and immunohistochemistry
For cryosections, skeletal muscles were embedded in Tissue-Tek 
O.C.T.  Compound (Gentaur), frozen on 2-methylbutane–cooled liq-
uid nitrogen, and processed for cryostat sectioning. 10-µm sections 
were collected from the midbelly of muscles. Immunohistochemistry 
was performed by fixation with 4% PFA/PBS, processing for antigen 
retrieval with the Antigen Unmasking Solution (Vector) at 95°C for 15 
min in a thermostated microwave, permeabilization with 0.2% Triton 
X-100 in PBS, blocking with 5% heat-inactivated serum/0.2% Triton 
X-100/1% BSA/PBS, incubation with primary antibody overnight at 
4°C, and then incubation with Alexa Fluor secondary antibodies for 
1  h at room temperature. Nuclei were counterstained with Hoechst 
and slides were mounted in fluorescent mounting medium (Dako). 
Primary antibodies were as follows: mouse β-catenin (BD), goat 
Collagen Type I (SouthernBiotech), rabbit GFP (Life Technologies), 
rabbit Ki67 (Abcam), rabbit Laminin (Sigma-Aldrich), mouse MyoD 
(Dako), mouse embryonic-MyHC (Developmental Studies Hybridoma 
Bank), mouse Pax7 (DSHB), and rabbit Tcf4 (Cell Signaling Technol-
ogy). The TUNEL reaction was performed by using the In situ cell 
death detection kit (Roche) according to the manufacturer’s instruc-
tions for tissue cryosections.

Single myofibers isolation and primary myoblasts preparation
Single myofibers were isolated from the EDL muscle by Collagenase 
type I digestion and gentle triturating, as described previously (Le Grand 
et al., 2009). Isolated myofibers were cultured in suspension for up to 2 
d in 6-well plates coated with horse serum to prevent fiber attachment. 
Alternatively, myofibers were left to adhere to Petri dishes coated with 
20% Matrigel (BD) in DMEM (Life Technologies) and cultured for 7 
d. Fibers were incubated in plating medium consisting of 15% FBS (Hy-
clone) and 1% chick embryo extract (Accurate Chemicals) in DMEM. 
For isolation of primary myoblasts, skeletal muscles of the hindlimbs 
of 6- to 8-wk-old mice were dissected, with care to take off as much fat 
and connective tissue as possible. Muscles were transferred to a sterile 
6-cm Petri dish on ice, mulched into a smooth pulp, and incubated in 
CollagenaseB/DispaseII/CaCl2 solution (respectively, 1.5 U/ml, 2.4 U/
ml, and 2 M in DMEM; Roche). After a 15-min incubation at 37°C, the 
muscle pulp was triturated with heat-polished glass Pasteur pipettes, 
and this incubation/trituration step was repeated once. Tissue digestion 
was stopped with the addition of FBS, cells were filtered, washed twice 
with PBS, and resuspended in growth medium consisting of Ham’s F10 
(Life Technologies) supplemented with 20% FBS and 2.5 ng/µl of basic 
FGF (R&D systems). After 2 h of preplating in a noncoated 10-cm plate, 
the medium was transferred onto collagen-coated Petri dishes. Cultures 
were maintained in growth medium until cells reached 80% confluence. 
To enrich cell cultures in myoblasts and eliminate contaminating fibro-
blasts, cell dishes were tapped. Differential adhesion potential allows 
myoblasts to be detached and replated onto new plates.

RNA interference
Wild-type primary myoblasts were transfected with the following 
Silencer Select Pre-designed siRNA sequences (Life Technologies): 
APC, 5′-CAGCUGACCUAGCCCAUAAtt-3’ β-catenin, 5′-CACU-
UGCAAUAAUUACAAAtt-3′. siRNA transfection was performed 
using Lipofectamine 2000 and OptiMEM (Life Technologies) accord-
ing to the manufacturer’s protocol.

Immunocytochemistry
Cells were fixed with 4% PFA/PBS, permeabilized with 0.2% Triton 
X-100/PBS, blocked with 5% heat-inactivated serum/PBS, incubated 
with primary antibody for at least 1 h, then incubated with Alexa Fluor 
secondary antibodies for 1 h. Nuclei were counterstained with Hoechst. 
Primary antibodies are as follows: rabbit APC (Abcam), mouse BrdU 
(Dako), rabbit activated-Caspase3 (Cell Signaling Technology), rab-
bit activated β-catenin (Cell Signaling Technology), mouse MyoD 
(Dako), rabbit Myogenin (Santa Cruz Biotechnology, Inc.), mouse 
Pax7 (Developmental Studies Hybridoma Bank), and rabbit PCNA 
(Bethyl Laboratories, Inc.). Secondary antibodies were conjugated 
with Alexa Fluor 488 or Alexa Fluor 550 fluorochromes. The TUNEL 
reaction was performed by using the In situ cell death detection kit 
(Roche) according to the manufacturer’s instructions for adherent cell 
layers. For cell proliferation studies, cells were incubated for 40 min 
with culture medium containing 30 µM BrdU and processed for im-
munostaining with Pax7 and BrdU antibodies after fixation and treat-
ment with 2N HCl for 20 min.

Image acquisition and quantitative analysis
Image acquisition and image analysis were performed at the Cochin 
Imaging Facility. Immunofluorescent stainings were analyzed with 
an Axiovert 200M microscope (Carl Zeiss) with 20× magnification 
equipped with a camera (CoolSNAP HQ) and with an AZ100 mi-
croscope (Nikon) with 5× magnification equipped with a high-res-
olution camera (Ds-Ri1; Nikon). Images were acquired at room 
temperature, the imaging medium used was Fluorescent Mounting 
Medium (Dako), and the fluorochromes used were Alexa Fluor 488 
and Alexa Fluor 546 (Life Technologies). NIS-Element (Nikon), 
Metamorph (Molecular Devices), and Photoshop software (Adobe) 
were used for image acquisition and processing. All quantifications 
were done with ImageJ software.

Quantitative real-time PCR (qPCR)
Total RNA was extracted from either mouse tissue or cultured cells 
with TRIzol Reagent (Life Technologies) and treated with a DNA-
free kit (Life Technologies) to remove any possible DNA contamina-
tion. cDNA was synthesized using the High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems) with 500 ng of RNA as input. 
Gene expression was assessed with a LightCycler 480 Real-Time 
PCR System (Roche) using LightCycler 480 SYBR green I Master 
(Roche) with specific primers. Transcript levels were determined by 
absolute quantification using a 4-point standard curve and relative 
gene expression was calculated by normalization against 18S and cy-
clophilin reference genes. Sequences of the primers used for real-time  
PCR were as follows: 18S-Fwd, 5′-GTAACCCGTTGACCCCATT-3′; 
18S-Rev, 5′-CCATCCAATCGCTAGTAGCG-3′; APC-Fwd, 
5′-GCAGCTACAGGGAAGTATTGAA-3′; APC-Rev, 5′-TCTCCT-
GAACGGCTGGATAC-3′; Axin2-Fwd, 5′-AAGAGAAGCGAC-
CCAGTCAA-3′; Axin2-Rev, 5′-CTGCGATGCATCTCTCTCTG-3′; 
β-catenin-Fwd, 5′-ATGGAGCCGGACAGAAAAGC-3′; β-cat-
enin-Rev, 5′-CTTGCCACTCAGGGAAGGA-3′; Cdc6-Fwd, 
5′-CCCGGGATTGTGAAGTAAAA-3′; Cdc6-Rev, 5′-GGAGATA-
ACCGGGGAGTGTT-3′; Cdkn1a-Fwd, 5′-TTGTCGCTGTCTTG-
CACTCT-3′; Cdkn1a-Rev, 5′-AATCTGTCAGGCTGGTCTGC-3′; 
Chek1-Fwd, 5′-TCGTGAACGCTTACTGAACAA-3′; Chek1-
Rev, 5′-ACAGCTATCACTGGGCTGGT-3′; Cyclophilin-Fwd, 
5′-AAGAAGATCACCATTTCCGACT-3′; Cyclophilin-Rev, 5′-TTA-
CAGGACATTGCGAGC-3′; MyH3-Fwd, 5′-AGAGGAGAAGGC-
CAAAAGG-3′; MyH3-Rev, 5′-CCTTCCAGCTCAAACTCCAG-3′; 
Myogenin-Fwd, 5′-GAAAGTGAATGAGGCCTTCG-3′; Myo-
genin-Rev, 5′-ACGATGGACGTAAGGGAGTG-3′; Pax7-
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Fwd, 5′-CTGGATGAGGGCTCAGATGT-3′; Pax7-Rev, 
5′-GGTTAGCTCCTGCCTGCTTA-3′.

Microarray and bioinformatics
Total RNA was prepared from primary myoblasts using TRIzol Re-
agent (Life Technologies). After validation of the RNA quality with 
Bioanalyzer 2100 (using Agilent RNA6000 nano chip kit; Agilent 
Technologies), 50 ng of total RNA is reverse transcribed using the Ova-
tion PicoSL WTA System (Nugen). In brief, the resulting double-strand 
cDNA is used for amplification based on single primer isothermal 
amplification (SPIA) technology. After purification according to the 
Nugen protocol, 5 µg of single-stranded DNA is used for generation 
of Sens Target DNA using Ovation Exon Module kit (Nugen). 2.5 µg 
of Sens Target DNA are fragmented and biotin labeled using an Encore 
Biotin Module kit (Nugen). After control of fragmentation using Bio-
analyzer 2100, cDNA is then hybridized to GeneChip Mouse Gene 1.0 
ST (Affymetrix) at 45°C for 17 h. After overnight hybridization, chips 
are washed on the fluidic station FS450 according to specific proto-
cols (Affymetrix) and scanned using the GeneChip scanner 3000 7G 
(Affymetrix). The scanned images are then analyzed with Expression 
Console software (Affymetrix) to obtain raw data and metrics for Qual-
ity Controls. The observations of some of these metrics and the study 
of the distribution of raw data show no outlier experiments. Affymetrix 
probe-set data were normalized using the robust multi-array average 
(RMA) method (Irizarry et al., 2003) using R software (R Development 
Core Team, 2011). Gene expression levels were compared using one-
way ANOVA. Lists of differentially expressed genes are presented in 
Table S2. Differentially expressed genes (P < 0.01, fold change > 1.5) 
were functionally annotated according to gene ontology terms, and en-
riched terms were calculated using DAVID (Huang et al., 2009; Table 
S1). Networks were generated with Ingenuity pathway analysis (Inge-
nuity Systems, http://www.ingenuity.com) using the Upstream Regula-
tors and the Diseases&Functions tools that predict the activation status 
of signaling cascades and biological processes. The heat map with 
microarray data were created by using the matrix2png web interface 
(http://www.chibi.ubc.ca/matrix2png/bin/matrix2png.cgi).

Western blot analysis
Cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with 
Complete Protease Inhibitor Cocktail (Roche). Equal amounts of pro-
teins were prepared with NuPAGE LDS Sample Buffer and Reduc-
ing Agent (Life Technologies), separated on NuPAGE Novex 3–8% 
Tris-Acetate Gels (Life Technologies), and transferred on nitrocellu-
lose membranes (Bio-Rad Laboratories, Inc.). After blocking in 5% 
milk and 0.1% Tween-20/TBS, membranes were incubated with pri-
mary antibodies overnight and then with HRP-conjugated secondary 
antibodies for 1 h. Specific signals were detected with a chemilumi-
nescence system (GE Healthcare). The following primary antibodies 
were used: rabbit APC (provided by K. Neufeld, University of Kansas, 
Lawrence, KS) and mouse HSC70 (Santa Cruz Biotechnology, Inc.).

Flow cytometric analysis for cell cycle
For cell cycle analysis, cells were trypsinized, collected in cold PBS, and 
fixed in 70% ethanol overnight at 4°C. After washing with PBS, cells 
were incubated with 50 µg/ml propidium iodide (Sigma-Aldrich), 50 µg/
ml RNase A (Roche), and 0.1% Tween-20 in PBS for 15 min and then an-
alyzed using an Accuri C6 flow cytometer (BD). Cell cycle phases were 
determined by using the cell cycle function of FlowJo software (Tristar).

Statistical analysis
Each histological analysis of adult skeletal muscle was performed on 
at least four samples per genotype. No randomization or blinding was 

used and no animals were excluded from analysis. For cell culture stud-
ies, at least three independent experiments were performed in duplicate 
and at least six random fields were imaged per sample. Data are pre-
sented as mean ± SEM. Differences between groups were tested for 
statistical significance using an unpaired two-tailed Student’s t test. P 
< 0.05 was considered statistically significant. All statistical analyzes 
were performed using GraphPad Prism software.

Online supplemental material
Fig. S1 is a time-course histological analysis of muscle tissue regen-
eration in control and APC-SC-KO muscles. Fig. S2 illustrates the 
transcriptome results and the expression of PCNA by satellite cells. 
Fig. S3 show the up-regulation of canonical Wnt signaling in APC-de-
ficient cells, and the activation of the pathway in satellite cells during 
muscle regeneration. Table S1 includes the Gene Ontology enrichment 
results. Table S2 is the list of genes that exhibit changes in expression 
after APC silencing. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201501053/DC1.
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