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SUMMARY
Regeneration of vertebrate skeletal muscles requires satellite cells, a population of stem cells that are quiescent in normal conditions and

divide, differentiate, and self-renew upon activation triggered by exercise, injury, and degenerative diseases. Satellite cell self-renewal is

essential for long-term tissue homeostasis, and previouswork has identified a number of external cues that control this process. However,

little is knownof the possible intrinsic controlmechanisms of satellite cell self-renewal. Here, we show that quiescent satellite cells harbor

a primary cilium, which is rapidly disassembled upon entry into the cell cycle. Contrasting with a commonly accepted belief, cilia reas-

sembly does not occur uniformly in cells exiting the cell cycle.We found that primary cilia reassemble preferentially in cells committed to

self-renew, and disruption of cilia reassembly causes a specific deficit in self-renewing satellite cells. These observations indicate that pri-

mary cilia provide an intrinsic cue essential for satellite cell self-renewal.
INTRODUCTION

Vertebrate skeletal muscles are self-renewing organs that

rely on the activity of muscle-specific stem cells, named

satellite cells (SCs), to maintain a balance between the

production of muscle progenitor cells that differentiate

to repair muscles and the generation of self-renewing cells

that maintain a pool of ‘‘reserve cells’’ for future require-

ment. Reserve satellite cells can be produced from acti-

vated SCs via one of two mechanisms: symmetric cell

division, which generates two identical daughter stem

cells, and asymmetric cell division, which generates two

daughter cells with distinct fates (Dumont et al., 2015).

Under normal demand, reserve cells are primarily pro-

duced via asymmetric cell division, whereas under

extreme circumstances they are produced via symmetric

cell division. Understanding the cues and molecular

mechanisms that regulate satellite cell self-renewal is crit-

ical, as disruption in the balance that controls the number

of muscle progenitor cells and reserve cells has profound

consequences for the regenerative capability of skeletal

muscles and underpins the reduced muscle mass (sarcope-

nia) in aged muscles (Chakkalakal et al., 2012; Conboy

and Rando, 2005).

SC self-renewal through symmetric cell division occurs

mostly in the planar orientation (parallel to the fiber) and

involves the planar cell polarity pathway (Le Grand et al.,

2009). Conversely, asymmetric SC cell division occurs pri-

marily along the apicobasal axis and generates a self-renew-

ing daughter cell associated with the basal lamina that

covers the muscle fiber and a differentiating daughter cell

that faces the sarcolemma (Kuang et al., 2007). Both

intrinsic and extrinsic cues regulate SC asymmetric cell di-
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vision. However, while an important focus has been placed

on extrinsic factors controlling SC asymmetric cell division

(Conboy and Rando, 2002; Urciuolo et al., 2013), intrinsic

cues have only begun to be elucidated. These include the

asymmetric distribution of cytoplasmic and nuclear fate

determinants (Gopinath et al., 2014; Le Grand et al.,

2012; Shea et al., 2010) and/or the asymmetric inheritance

of template DNA (Rocheteau et al., 2012; Shinin et al.,

2006). Both mechanisms rely on the polarity of dividing

SCs, which is established by the activity of the PAR com-

plex and influences the orientation of mitotic spindles

(Troy et al., 2012; Williams and Fuchs, 2013). Centrosomes

play a key role in this process as microtubule organizing

centers, and previous studies have reported that the asym-

metric segregation of the mother and daughter centrioles

during mitotic spindle formation confers differential cell-

fate cues (Pelletier and Yamashita, 2012). The mother

centriole acts also as a nucleating center for the formation

of primary cilia, a cellular organelle anchored in the cyto-

plasm through a basal body composed of the mother

centriole and protruding outside the cell through a micro-

tubule-containing appendage (Kim and Dynlacht, 2013).

Given these facts, we asked whether primary cilia play a

role in SC self-renewal.

Here, we show that quiescent SCs contain a primary

cilium, which disassembles upon SC activation and entry

into the cell cycle. Upon exit from the cell cycle, primary

cilia reassemble at the surface of a minority of SCs, which

are fated to self-renew. Disruption of cilia reassembly

following cell division drives muscle progenitor cells to-

ward differentiation, at the expense of self-renewal. Thus,

our work demonstrates that the primary cilium is an

intrinsic cue that determines the self-renewal fate in SCs.
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Figure 1. Primary Cilia Are Predominantly Observed at the Surface of Quiescent Satellite Cells
(A) ARL13B (red) in SCs (caveolin-1, CAV-1, green) from C57BL/6 EDL myofibers cultured for 96 hr. White arrows indicate the presence of
primary cilia at the surface of SCs. White arrowheads indicate cells lacking cilia.
(B) Percentage of SCs bearing a primary cilium during the 96-hr myofiber culture. n = 50 fibers per time point from five independent
experiments. Mean ± SEM is shown.
(C) Transmitted electron microscopy of SCs following a 72-hr culture of C57BL/6 myofibers. The left panel shows two satellite cells
following cell division (scale bar, 1 mm). The right panel is a high magnification of the area indicated by a white box showing a primary
cilium (scale bar, 200 nm). n, nucleus; dc, daughter centriole; open red arrowheads mark the SC cell surface.
(D) Detection of ARL13B (red) at the surface of SCs in cardiotoxin-injured TA muscles of Tg(Pax7-GFP) mice at 2, 4, and 7 days post injury.
Control is uninjured (uninj) Tg(Pax7-GFP) TA muscle. White arrows indicate primary cilia. Insets show the red and blue channel images of
the cell indicated by white arrows.
(E) Quantification of data presented in (D) showing the percentage of GFP-labeled SCs bearing a primary cilium in injured muscles.
Mean ± SEM is shown. 4–8 sections were analyzed from three mice per time point.
(F) Immunofluorescence analysis of primary cilia (ARL13B; red) and myogenic regulatory factors (Mrf) MYF5 (green at T24), MYOD (green at
T72), and MYOGENIN (green at T72). White arrows indicate primary cilia. White stars indicate Mrf-positive cells that lack cilia.
(G) Freshly isolated 24-, 48-, and 72-hr cultured myofibers analyzed by immunofluorescence using antibodies against ARL13B and MYF5
(24 hr), MYOD (48 hr), and MYOGENIN (72 hr). M-CADHERIN was used as an SC marker. The percentage of MYF5/MYOD/MYOG-labeled cells
(Mrf+) containing a primary cilium (black bars) or not (gray bars) was scored. n = 50 myofibers analyzed per time point from three in-
dependent experiments; mean ± SEM is shown.
(H) Graphical representation of cilia dynamics during adult myogenesis.
See also Figure S1.
RESULTS

Primary Cilia Are Predominantly Observed at the

Surface of Quiescent Satellite Cells

Skeletal muscle fibers extracted from extensor digitorum

longus (EDL) muscles of C57BL/6 mice were cultured for

96 hr. Under these conditions, SCs are in their native envi-
ronment and are immunodetected with antibodies against

caveolin-1 (CAV-1) (Figure 1A). Using antibodies directed

against ADP-ribosylation factor-like 13b (ARL13B), a small

guanosine triphosphatase specific to the ciliarymembrane,

we observed the presence of primary cilia in 67% of SCs

from freshly isolated myofibers (T0, Figures 1A and 1B).

Primary cilia were also labeled by acetylated a-TUBULIN
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(Figure S1A). Transmission electron microscopy of myofib-

ers cultured for 72 hr (T72) confirmed that the structure

labeled with ARL13B and acetylated a-TUBULIN has a

9 + 0 configuration consistent with a primary cilium (Fig-

ure 1C). The average length of cilia on quiescent SCs was

2.74 mm (n = 20; SD = 0.23), a length similar to that of

10T1/2 fibroblasts (2.86 mm) (Bershteyn et al., 2010).

Within 24 hr (T24), when SCs exit quiescence, become

activated, and express MYF5, only a small proportion of

SCs exhibited cilia (9.9%, Figures 1A and 1B). Cilia

numbers continued to decrease in 48-hr culture (T48)

SCs, which express MYOD and proliferate to yield transit-

amplifying cells (Figures 1A and 1B). However, at 72 hr

(T72) when satellite cells either downregulate PAX7 and

activate MYOGENIN to differentiate, or maintain PAX7

and return to quiescence to self-renew, we observed that

cilia reappeared in about 17% of SCs (Figures 1A and 1B).

We examinedmyofibers at 96 hr (T96) to test whether addi-

tional primary cilia were generated (Anderson and Stearns,

2009).We noticed no significant increase in the percentage

of ARL13B-positive SCs (Figures 1A and 1B). Thus, the small

proportion of SCs harboring a primary cilium at T72 and

T96 defined a specific cell population.

We next asked whether primary cilia were present at the

surface of SCs in vivo. The tibialis anterior (TA) muscle of

Tg(Pax7-GFP) mice, which express GFP under the control

of the SC-specific Pax7 promoter, was injured by cardio-

toxin injection and muscle regeneration monitored at 1,

2, 4, and 7 days post injury. Primary cilia were detected at

the surface of quiescent SCs in non-injured muscles, but

not in activated SCs at 1 day post injury (Figures 1D and

1E). Cilia reassembly initiated in muscles at 2 days post

injury and continued until 7 days post injury (Figures 1D

and 1E). Therefore, primary cilia are predominantly associ-

ated with quiescent SCs and dissociate at the onset of mus-

cle injury in activated SCs, but reassemble in a subset of

Pax7-expressing cells as muscles repair (Figures 1D and

1E). As ARL13B and MYF5, a marker of activated SCs,

were mutually exclusive in freshly isolated and in T24

SCs (Figures 1F and 1G), we performed a time-course anal-

ysis of primary cilia disassembly. This showed that primary

cilia dissociation initiates as early as 4 hr after plating my-

ofibers, and by 12 hr primary cilia are fully resorbed (Fig-

ure S1B). Strangely, at T48 a small proportion of MYOD+

SCs possessed a primary cilium (Figure 1G). However, a

detailed time-course analysis of primary cilium dynamics

between T48 and T72 confirmed that the co-detection of

MYOD and primary cilium was transient and that by

60 hr of culture MYOD and ARL13B are mutually exclusive

in SCs (Figure S1C). We also observe that by 72 hr in

culture, the only ARL13B+ SCs present were MYOD� and

MYOGENIN� (Figures 1F and 1G), suggesting that the reas-

sembly of primary cilia post cell division occurs in self-re-
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newing SCs. Thus, primary cilia are regulated in a highly

dynamic manner during adult myogenesis with a rapid

dissociation within a few hours after SC activation and

the subsequent reassembly in a subset of SCs that appear

fated to self-renew (Figure 1H).

Cell-Cycle Entry Initiates Primary Cilia Disassembly

in Satellite Cells

The kinetics of primary ciliumdistribution duringmyogen-

esis suggests a mutually exclusive relationship between

cilia and cell cycle.Myoblast cell-cycle progression through

G1/S transition is controlled by cyclin-dependent kinase

4/6 (Saab et al., 2006). Thus, we treated cultured myofibers

with a CDK4/6 inhibitor, which blocked SCs in G1 (Figures

2A–2C). Cell-cycle arrest was accompanied with the

maintenance of primary cilia (Figures 2B and 2C). When

CDK4/6 inhibition was reversed and SCs allowed to re-

enter the cell cycle, primary cilia disassembled by 72 hr

(Figures 2D–2F), reinforcing our conclusion that primary

cilium turnover in cultured myofibers is directly linked to

and mutually exclusive with SC entry into the cell cycle.

Primary Cilia Are Preferentially Associated with

Satellite Cells Engaged in Self-Renewal

Given that primary cilia are resorbed in dividing SCs

and not detected in activated (MYF5+) or differentiating

(MYOGENIN+) cells, we reasoned that primary cilia may

be associated with self-renewing SCs. We thus analyzed

the distribution and plan of division of cilia-bearing cells

at T48 and T72. At T48, the majority of cell doublets

analyzed (79.8%) do not harbor a primary cilium.Of the re-

maining doublets presenting cilia (20.2%), 26%of doublets

displayed an asymmetric distribution of their primary cilia

with no bias for the division plan. The remaining doublets

with a symmetrical distribution of cilia were mainly under-

going planar cell division (65.5%) (Figures 3A and 3B). At

T72, about half of cell doublets were associatedwith at least

one primary cilium, which were largely distributed asym-

metrically (96% of ARL13B+ doublets) either in planar

cell division (34% of ARL13B+doublets) or in apicobasal

cell division (62% of ARL13B+doublets) events (Figures 3A

and 3B). Furthermore, the primary cilium was invariably

observed in the daughter cell associated with the basal lam-

ina in cell divisions with an apicobasal orientation (Figures

3A and 3B). Thus, when SCs are proliferating to produce

transit-amplifying cells (at T48), primary cilia are mainly

distributed symmetrically and are associated with both

planar and apicobasal cell-division events. By T72 when a

subset of progenitor cells commit to self-renewal, primary

cilia become asymmetrically distributed and are mainly

associated with apicobasal cell-division events. Given

that self-renewing SCs downregulateMYOD, fail to activate

MYOGENIN, and instead maintain PAX7 expression, we



Figure 2. Cilia Dynamic Is Associated
with the Cell Cycle in Satellite Cells
(A) Schematic representation of the exper-
imental design used in (B) and (C).
(B) Representative images of EDL myofibers
cultured for 24 hr in the presence or not of
CDK4/6 kinase inhibitor and analyzed for
either the inhibition of cell-cycle progres-
sion (EdU incorporation in red) or the
presence of primary cilia (ARL13B in red).
White arrows indicate the presence of cilia.
White arrowheads indicate SCs. Insets show
higher magnification images of the area
indicated by a white rectangle in each color
channel.
(C) Percentage of SCs engaged in the
cell cycle (EdU+ in dark gray) and ex-
hibiting a primary cilium (ARL13B+ in light
gray) following a 24-hr culture in control
(DMSO) or in treated conditions (CDK4/6
inhibitor). n = 50 fibers analyzed per con-
dition from three independent experiments;
mean ± SEM is shown.
(D) Schematic representation of the exper-
imental design used in (E) and (F).
(E) Representative images of myofibers af-
ter a 72-hr culture in control conditions
(left panels) or following a 24-hr CDK4/6
inhibitor treatment and a 2-day wash in

normal medium (right panels). White arrows indicate the presence of primary cilia (labeled with ARL13B in red). Insets show higher
magnification images of the area indicated by a white rectangle in the red and blue, and green channels.
(F) Percentage of SCs exhibiting a primary cilium in control or treated conditions. n = 50 fibers analyzed per condition from three in-
dependent experiments; mean ± SEM is shown.
first examined whether the asymmetric distribution of pri-

mary cilia at T72 correlated with a self-renewing cell fate.

Consistent with our observations that MYOD-expressing

and MYOGENIN-expressing cells did not harbor a primary

cilium at T72 (Figures 1F and 1G), we found that ARL13B

co-localized with approximately 15% of GFP-positive cells

and was mutually exclusive with MYOGENIN in T72 myo-

fiber cultures from Tg(Pax7-GFP) muscles (Figures 3C and

3D). Furthermore, the analysis of the distribution of pri-

mary cilia (ARL13B+) in ciliated doublets at T72 revealed

that primary cilia were mainly asymmetrically allocated

to self-renewing cells or cells deemed to self-renew

(PAX7/GFP+MYOGENIN�) following apicobasal cell divi-

sion (Figure 3E). Together, our observations suggest that

the reassembly of primary cilia after cell division occurs

preferentially in daughter cells that underwent asymmetric

cell division and are fated to self-renew.

Disruption of Cilia Reassembly Impairs Satellite Cell

Self-Renewal

Wenext askedwhether cilia reassembly following SC asym-

metric cell division was essential for SC self-renewal. Myo-
fibers cultured for 66 hr to allow for cell division were

treated with nocodazole or taxol, which affect cilia by de-

stabilizing microtubule or by altering the levels of soluble

tubulin, respectively (Sharma et al., 2011), or with forchlor-

fenuron (FCF), an inhibitor of Septins, a family of proteins

that regulate cilia length and stability (Zhai et al., 2014),

and cultured for a further 6 hr before analysis at T72 (Fig-

ure 4A). At T72, nocodazole or taxol treatment caused

100% inhibition, whereas FCF caused 58% inhibition of

cilia reassembly (Figure 4B). The proportion of 5-ethynyl-

20-deoxyuridine (EdU)-labeled SCs was similar between

nocodazole or FCF-treated cultures and control (DMSO-

treated) cultures (Figure 4C), confirming that a short treat-

ment has little or no impact on the cell cycle. However,

nocodazole, taxol, and FCF treatment caused a decrease

in the number of PAX7+MYOGENIN�M-CADHERIN+ SCs,

which labels self-renewing cells, and a concomitant in-

crease in the number of Pax7�MYOGENIN+M-CADHERIN+

SCs, which labels differentiating cells (Figures 4D and 4E).

Consistent with the partial loss of primary cilia upon FCF

treatment, a somewhat lesser effect on self-renewing SCs

was observed in FCF-treated myofibers (Figure 4E). Thus,
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Figure 3. Primary Cilia Are Preferentially
Associated with Satellite Cells Engaged in
Self-Renewal
(A) Representative images of cilia distri-
bution (symmetric or asymmetric) at the
surface of SCs undergoing apicobasal
(perpendicular to the myofiber axis) or
planar (parallel to the myofiber axis) cell
division (CAV-1 in green, ARL13B in red,
and DAPI in blue). White arrows indicate the
presence of primary cilia. Black arrows
indicate the axis of the myofiber.
(B) Quantification of primary cilia distri-
bution at the surface of dividing SCs after 48
(red bars) and 72 (gray bars) hr in culture.
Symmetric and asymmetric cilia distribution
in cell doublets undergoing planar or api-
cobasal cell division was scored and the
percentage of each event among cilia-
bearing doublets was plotted. Note that at
72 hr cilia are primarily asymmetrically
distributed in SCs, whereas a symmetric
distribution is observed at 48 hr. A total of
114 (48 hr) and 56 (72 hr) doublets were
examined (n = 2 experiments), of which
20.2% (48 hr) and 50% (72 hr) harbored at
least one cilium.

(C) Quantification of the percentage of positive SCs following triple immunolabeling with antibodies against GFP (PAX7; green), MYOGENIN
(white), and ARL13B (red) in myofibers isolated from Tg(Pax7-GFP) EDL muscles and cultured for 72 hr. n = 49 fibers from four independent
experiments.
(D) Representative images of SCs quantified in (E) showing that ARL13B (red) is mutually exclusive with MYOGENIN (white) and always
associated with GFP (PAX7; green). Images in the blue, green, red, and white channels, as well as the merge image, are shown.
(E) Percentage of ciliated doublets associated with planar or apicobasal cell divisions in Tg(Pax7-GFP) myofibers cultured for 72 hr. The
distribution of primary cilia (ARL13B+), symmetric or asymmetric, within doublets and co-localization with PAX7/GFP and MYOGENIN was
determined. Note that while asymmetric cell divisions resulting in distinct cell fates in daughter cells (MYOGENIN+ versus PAX7/GFP+)
represent about 19% of planar cell divisions, they account for nearly 29% of apicobasal cell divisions. n = 32 planar doublets and n = 27
apicobasal doublets from two independent experiments.
blocking primary cilium reassembly following cell division

disrupts the balance between differentiation and self-

renewal, and impairs SC self-renewal at the expense of

differentiation. This suggests that the selective reassembly

of a primary cilium at the surface of one daughter cell,

following asymmetric cell division, allocates SCs to a self-

renewing cell fate.
DISCUSSION

The primary cilium is a microtubule-containing cellular

protrusion, which is anchored to a basal body constituted

of a mother centriole acting as a microtubule organizing

center during ciliogenesis (Kim and Dynlacht, 2013).

Thus, it is widely accepted that primary cilia must disso-

ciate prior to mitosis to release the centrioles for their sub-
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sequent enrolment in mitotic spindle formation and that

primary cilia reassemble following cell division (Nigg and

Stearns, 2011). Here, we showed that quiescent SCs harbor

a primary cilium, which resorbs rapidly upon SC activation

and entry into the cell cycle, before reassembling asymmet-

rically following apicobasal cell division in cells associated

with the basal lamina. Furthermore, we found that primary

cilium reassembly occurs preferentially in daughter stem

cells. Previous studies reported the asymmetric inheritance

of the mother centriole by self-renewing radial glial cells

in the neocortex, whereas cells inheriting the daughter

centriole differentiated (Wang et al., 2009). Given that

the mother centriole plays a key role in primary cilium as-

sembly (Kim and Dynlacht, 2013), it can be expected that

primary cilia reassemble exclusively in self-renewing cells.

Consistent with our findings, Paridaen et al. (2013) re-

ported the selective retention of the ciliary membrane in



Figure 4. Disruption of Cilia Reassembly Impairs Satellite Cell Self-Renewal
(A) Schematic representation of the experimental design used in (B–E).
(B) Representative images of EDL T72 myofiber cultures treated with DMSO (control), taxol (2 mM), nocodazole (4 mM), or forchlorfenuron
(FCF, 10 mM) at T66, and analyzed by immunofluorescence for the presence of primary cilia (ARL13B; green) in SCs (CAVEOLIN-1, red).
White arrowheads indicate the presence of cilia.
(C) Representative images of EDL myofibers cultured in the presence of DMSO (control) or nocodazole or FCF and analyzed for the
incorporation of EdU. A graph shows the percentage of EdU-positive cells per myofiber in each culture condition. n = 18–23 fibers. ns, not
significant.
(D) Representative images of EDL myofibers cultured in the presence of DMSO (control), nocodazole, taxol, or FCF and analyzed by
immunofluorescence using antibodies against PAX7 (green), MYOGENIN (magenta), and M-CADHERIN (red). Nuclei were counterstained
with DAPI (blue).
(E) Percentage of cells observed in control cultures and in cultures following treatment with taxol, nocodazole, and FCF. Note that
self-renewing SCs are PAX7+/MYOGENIN� (dark gray). n = 50–85 fibers from three independent experiments analyzed per condition;
mean ± SEM is shown. ***p < 0.0001, *p < 0.05.
neural stem cells that inherited the mother centriole.

Interestingly, the simultaneous transmission of themother

centriole associated with ciliary membrane remnant con-

ferred a temporal advantage, as the primary cilium

was found to reassemble more rapidly in self-renewing

daughter cells than in differentiating daughter cells.

Despite extending the myofiber culture period to 96 hr,

we did not observe an increased number of muscle progen-
itor cells presenting a primary cilium. This suggests that in

contrast to neural stem cells, asymmetric SC cell division

did not generate differential ciliogenesis kinetics but led

to the selective reassembly of the primary cilium in

daughter stem cells in skeletal muscles. Moreover, pre-

venting primary cilium reassembly impaired SCs’ ability

to self-renew and drove SCs to differentiation, indicating

that the primary cilium functions in SC cell-fate decision
Stem Cell Reports j Vol. 6 j 798–805 j June 14, 2016 803



and is an essential intrinsic cue required for SC self-

renewal. Given that primary cilia are cellular appendages

that regulate a number of signaling pathways, including

SHH, WNT, PDGF, and HIPPO (Basten and Giles, 2013),

one may speculate that the preferential reassembly of pri-

mary cilia in self-renewing daughter cells favors cell

signaling for the induction of the self-renewal cell fate. In

the neuroepithelium of developing mouse embryos, the

asynchronous reassembly of primary cilia in daughter cells

is associated with differential SHH response (Piotrowska-

Nitsche and Caspary, 2012). Although the evidence of a

similar involvement of SHH signaling in SC self-renewal

is still lacking, SHH response was shown to correlate with

the presence of primary cilia in differentiating myogenic

cell lines (Fu et al., 2014). Also of interest is the role of

the primary cilium in the control of endogenous b-catenin

levels and the balance between canonical and non-canon-

ical WNT signaling (Corbit et al., 2008; Lancaster et al.,

2011), as these pathways are implicated in SC growth and

self-renewal, respectively (Le Grand et al., 2009; Otto

et al., 2008). Future studies will determine whether the pri-

mary cilium controls SC self-renewal by regulating the

availability of signaling pathway components.
EXPERIMENTAL PROCEDURES

Experimental animalworkwas carried out under aUKHomeOffice

Licence in accordance with the 1986 UK Animal Act.

Mice and Muscle Injury
Tg(Pax7-GFP) and C57BL/6 mice were bred in-house and PCR gen-

otyped as described previously (Sambasivan et al., 2009). Mice

were anesthetized by isoflurane inhalation and 50 ml of cardiotoxin

(10 mM, Latoxan) was injected into the right TA muscle. The

contralateral untreated TA muscle served as the control.

Single Myofiber Isolation and Culture
Single myofibers were isolated from the EDL muscle of 8- to 10-

week-old C57BL/6 mice after digestion with collagenase A (Sigma)

as previously described (Collins and Zammit, 2009). Isolated myo-

fibers were fixed in 4% paraformaldehyde (PFA; BDH Laboratory

Supplies) for 8 min at room temperature and washed extensively

in 13 PBS (Fisher Scientific) or cultured in 5% BSA (Sigma)-coated

plates containing DMEM (Glutamax; Gibco) supplemented with

10% horse serum (Gibco), 1% penicillin-streptomycin-fungizone

(Gibco), and 0.5% chicken embryo extract (Seralab) for 24, 48,

72, and 96 hr. Following culture, myofibers were harvested and

fixed in 4% PFA.

Click-iT EdU Labeling
DNA synthesis was directly measured using Click-iT EdU imaging

kit (Invitrogen) according to the manufacturer’s protocol (Life

Technologies). EdU was added to myofiber cultures 1 hr prior to

harvesting.
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Additional methods are provided in Supplemental Experimental

Procedures.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, one figure, and one table and can be found with this

article online at http://dx.doi.org/10.1016/j.stemcr.2016.04.004.
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