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ABSTRACT

Satellite cells are mitotically quiescent myogenic stem cells
resident beneath the basal lamina surrounding adult mus-
cle myofibers. In response to injury, multiple extrinsic sig-
nals drive the entry of satellite cells into the cell cycle and
then to proliferation, differentiation, and self-renewal of
their downstream progeny. Because satellite cells must
endure for a lifetime, their cell cycle activity must be care-
fully controlled to coordinate proliferative expansion and
self-renewal with the onset of the differentiation program.
In this study, we find that cyclin D3, a member of the
family of mitogen-activated D-type cyclins, is critically
required for proper developmental progression of myo-
genic progenitors. Using a cyclin D3-knockout mouse we
determined that cyclin D3 deficiency leads to reduced
myofiber size and impaired establishment of the satellite
cell population within the adult muscle. Cyclin D3-null

myogenic progenitors, studied ex vivo on isolated myofib-
ers and in vitro, displayed impaired cell cycle progression,
increased differentiation potential, and reduced self-
renewal capability. Similarly, silencing of cyclin D3 in C2
myoblasts caused anticipated exit from the cell cycle and
precocious onset of terminal differentiation. After induced
muscle damage, cyclin D3-null myogenic progenitors
exhibited proliferation deficits, a precocious ability to
form newly generated myofibers and a reduced capability
to repopulate the satellite cell niche at later stages of the
regeneration process. These results indicate that cyclin D3
plays a cell-autonomous and nonredundant function in
regulating the dynamic balance between proliferation, dif-
ferentiation, and self-renewal that normally establishes an
appropriate pool size of adult satellite cells. STEM CELLS
2013,31:2478-2491
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INTRODUCTION

Growth and repair of skeletal muscle rely on tissue-specific
stem cells, termed satellite cells. In adult muscle, satellite
cells are associated with myofibers and are quiescent, but in
response to muscle injury they become activated, express the
muscle regulatory factor MyoD, and enter the cell cycle. The
majority of myogenic progenitor cells then differentiate to
repair damaged myofibers, whereas a small proportion down-
regulates MyoD and returns to quiescence by both symmetric
and asymmetric divisions to replenish the satellite cell com-
partment [1-5]. Targeted gene knockout has revealed that the
absence of MyoD delays the early proliferation response of
activated satellite cells and affects the differentiation potential
of myogenic precursors, thus impairing muscle regeneration
[6-10]. MyoD is, therefore, implicated in both the prolifera-
tion and differentiation phases of progression of the satellite
cell lineage, whereas MyoD suppression in quiescent satellite
cells seems to be essential for maintaining the undifferentiated
state.

MyoD couples the onset of differentiation with cell-cycle
arrest by inducing the myogenic regulatory factor myogenin
and a number of cell-cycle inhibitors, including the retino-

blastoma protein (pRb) and the cyclin-dependent-kinase inhib-
itors (CKIs) p21 and p57 [11-14]. Furthermore, MyoD
contributes to cell-cycle withdrawal by downregulating the
activity of NF-kB, possibly through induction of the PC4 pro-
tein [15,16]. However, MyoD also appears to induce the
expression of factors deputed to promote cell division, such
as cyclin D3 and the DNA replication licensing factor cdc6
[17-19].

D-type cyclins (D1, D2, and D3) are components of the
core cell cycle machinery whose expression is induced by
extracellular mitogenic stimulation during the early G1 phase
[20]. A common function of D-type cyclins is to initiate phos-
phorylation of pRb in association with partner cyclin-
dependent kinases CDK4 and CDK6. This leads to derepres-
sion of E2F transcription factors, activation of cyclin E, and
progression of the cells into the mitogen-independent late G1
phase [21,22].

D-cyclins are highly homologous suggesting redundancy
in their functions. However, there is much evidence that they
also differ in many ways, such as the tissue-specific expres-
sion pattern and different induction by various signals in a
cell lineage-specific manner; there are different phenotypic
consequences of cyclin D knockouts in mice, and they impart
distinct site-specificities for pRb phosphorylation to their

Author contributions: G.D.L., R.F., M.B., and E.M.: collection and assembly of data and data analysis and interpretation; M.C.: concep-
tion and design, data analysis and interpretation, manuscript writing, and financial support. G.D.L. and R.F. contributed equally to this

article.

Correspondence: Maurizia Caruso, Ph.D., National Research Council, Institute of Cell Biology and Neurobiology, Fondazione Santa
Lucia, Via del Fosso di Fiorano, 64, 00143 Roma, Italy. Telephone: 39-06501703186; Fax: 39-06501703311; e-mail: maurizia.caru-

so@cnr.it

Received March 7, 2013; accepted for publication June 21, 2013; first published online in STEM CELLS Express July 29,

2013. © AlphaMed Press 1066-5099/2013/$30.00/0 doi: 10.1002/stem. 1487
STEM CELLS 2013;31:2478-2491 www.StemCells.com



De Luca, Ferretti, Bruschi et al.

kinase partners [23-29]. Furthermore, there is considerable
evidence that D-type cyclins may also perform cell cycle-
independent, nonredundant functions as transcription coregu-
lators [30-35].

Asynchronously proliferating C2 myoblasts express vari-
able levels of the three D-type cyclins. When they are
induced to differentiate in low-mitogen medium, expression
of cyclin D1 and D2 rapidly declines, whereas that of cyclin
D3 is induced at the transcriptional and post-translational
level through MyoD- and pRb-mediated mechanisms
[15,17,18,36-39]. The distinct expression patterns of D-type
cyclins suggest that cyclin D3 may perform a unique function
during myogenesis. This notion is further supported by the
observations that overexpression of cyclin DI, but not D3,
inhibits MyoD function and myogenic differentiation
[37,38,40,41]. Indeed, ectopic expression of a stabilized
cyclin D3 delays pRb dephosphorylation and irreversible exit
from the cell cycle, but is fully compatible with terminal dif-
ferentiation of C2 myoblasts [39].

In skeletal muscle, cyclin D3 is expressed at high levels
during the late stages of fetal development and early post-
natal life [42], when satellite cells contribute progeny that
fuse to the enlarging myofibers. Also, expression of cyclin
D3 mRNA is increased in mdx muscle that has successfully
regenerated [43]. These observations argue for a function of
cyclin D3 in the establishment of muscle cell differentiation
and suggest a role for cyclin D3 during satellite cell-mediated
postnatal muscle growth and adult regenerative myogenesis.
In this study, we have investigated the role of cyclin D3 in
myogenesis using RNA-interference to knockdown cyclin D3
in cultured myoblasts and a cyclin D3-null mouse model to
analyze the effects of cyclin D3 loss on satellite cell behavior
in vivo and ex vivo. We find that cyclin D3 plays a non-
redundant function in regulating the dynamic balance
between proliferation, differentiation, and self-renewal that
normally establishes an appropriate pool size of adult satellite
cells.

MATERIALS AND METHODS

Mice

Cyclin D3™/" mice were provided by Piotr Sicinski. Wild-type
(WT) controls were generated along with D3/~ mice by inter-
breeding heterozygous animals. Mice were genotyped as previ-
ously described [26]. For all experiments, we used 2—3-month-old
cyclin D37/~ and WT littermates.

Mice were anesthetized by intraperitoneal administration of
chloralium hydrate (0.45 mg/g b.wt.) and the tibialis anterior
(TA) muscle was injected with 20 pl of a 107> M solution of
cardiotoxin in NaCl 0.9% (Latoxan, Valence, France, www.lat
oxan.com). For detection of satellite cell proliferation, 10 pl/
mouse gram of a 9.6 mg/ml solution of 5-bromo-2’-deoxyuridine
(BrdU, Sigma-Aldrich, St. Louis, MO, www.sigmaaldrich.com)
in Phosphate Buffered Saline (PBS) was injected intraperitoneally
6 hours before sacrifice. All animal procedures were completed
in accordance with the current European (directive 2010/63/EU)
Ethical Committee guidelines.

Cell Lines and Transfections

C2.7 mouse myoblasts (a subclone of C2 myoblasts, [44]) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invi-
trogen/Gibco, Carlsbad CA, www.invitrogen.com) supplemented
with 20% fetal bovine serum (FBS, HyClone Laboratories, South
Logan, UT, www.thermo.com/hyclone). Differentiation was
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induced by exposing myoblast cultures to DMEM containing 2%
horse serum (HyClone). The Phoenix ecotropic packaging cell
line was cultured in DMEM supplemented with 10% FBS. DNA
transfections were carried out with Lipofectamine (Invitrogen)
according to the manufacturer’s instruction.

Retroviral Constructs, Production of Retroviruses, and
Retroviral Infections

Constructs expressing shRNA directed against cyclin D3 were
prepared in the Murine Stem Cell Virus-based pLMP retroviral
vector (OpenBiosystems, Thermo Scientific, Waltham, MA,
www.thermoscientificbio.com/openbiosystems/) following described
procedures [45,46]. The hairpin used in the study is as follows:
CTGGCCCTCTGTGCTACAGATT. Retroviral constructs were
transfected into Phoenix-ECO packaging cells; retrovirus-
containing supernatants were collected at 48 and 72 hours after
transfection and immediately used to infect C2.7 cells for 2
consecutive days (one infection per day) for 7 hours. Infected
cells were then selected for 3 days with 2 pg/ml of Puromycin
(Sigma-Aldrich), and the resulting puromycin-resistant cell popu-
lations reseeded for the corresponding assays (carried out at
days 5-9).

Primary Myoblast Preparation

Hind limb muscles were dissected and incubated with 0.2% colla-
genase type-I (Sigma-Aldrich) in DMEM for 30 minutes at 37°C,
followed by a second digest in 2 mg/ml Collagenase/Dispase
(Roche Diagnostics GmbH Mannheim, Germany, www.roche.com)
for 30 minutes at 37°C. Satellite cells were mechanically dissoci-
ated by passing the tissue suspension through a 5 ml pipette; the
slurry was sequentially filtered through 70 and 40 um cell strainers
(BD Biosciences, Bedford, MA, www.bdbiosciences.com) and
centrifuged. Pelleted cells were resuspended in F-10 (Invitrogen/
GIBCO) supplemented with 20% FBS and 2.5 ng/ml
basic-fibroblast growth factor (Peprotech, Rochy Hill NI,
www.peprotech.com). The cell suspension was preplated for 1
hour on uncoated dishes to remove fibroblasts. The medium con-
taining the enriched myoblast population was then plated on
tissue culture dishes coated with type-I collagen (Sigma-Aldrich).

Single Fiber Preparation

Extensor digitorum longus (EDL) muscles were digested using
0.2% collagenase type-II (Sigma) in DMEM for 60-70 minutes at
37°C with shaking. Muscles were mechanically dissociated and
single fibers liberated. After extensive washing, myofibers were
either immediately fixed or cultured in plating medium (DMEM
supplemented with 10% horse serum and 0.5% chick embryo
extract [USBiological, Swampscott, MA, www.usbio.net]) in
suspension.

For satellite cell cultures, single myofibers were plated on
24-well dishes coated with Matrigel (BD-Biosciences, 1 mg/ml in
DMEM) in plating medium. After 2 days, fibers were removed
and the medium replaced with proliferation medium (DMEM,
20% FBS, 10% horse serum, and 1% chick embryo extract).

Immunofluorescence

For cryostat sections, TA muscles were embedded in Tissue-Tek
OCT (Sakura Finetek Europe, Zoeterwoude, NL, www.sakuraeu.
com) and frozen in liquid nitrogen-cooled isopentane. Nine-
micrometer thick cryosections were fixed using 4% Paraformalde-
hyde (PFA), quenched in 0.1 M glycine, and permeabilized with
0.1% Triton X-100/PBS for 10 minutes.

For Pax7 and MyoD staining, antigen retrieval was done by
immersing slides in a solution of 10 mM sodium citrate pH-6
preheated to 90°C in a microwave, and then cooled at room tem-
perature. The slides were rinsed in PBS and blocked for 2 hours
in 4% Bovine Serum Albumin/PBS or in 3% goat serum/PBS.
Slides were further incubated with goat anti-mouse AffiPure Fab
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fragment (Jackson ImmunoResearch, West Grove, PA, www.jir
europe.com) to block endogenous mouse IgG.

For detection of labeled DNA, samples were postfixed with
4% PFA after primary and secondary staining, denatured in 2 M
HCI for 20 minutes, and neutralized by washing twice with Na
Borate pH 8. Samples were then permeabilized/blocked for 1
hour in 0.1% Triton X-100, 0.03% Tween/PBS plus 3% donkey
serum.

For processing cells for immunofluorescence, primary myo-
blasts were cultured on eight-well Lab-tek chamber slides (Nalge
Nunc International Rochester, New York, www.nuncbrand.com)
coated with Matrigel. Cells were fixed in 4% PFA, quenched
with glycine 50 mM, permeabilized with 0.5% Triton X-100/PBS
for 10 minutes, and then blocked in PBS containing 10% donkey
and/or goat serum for 1 hour. Single fibers in suspension were
fixed in 2% PFA for 10 minutes, quenched in glycine 100 mM,
permeabilized with 0.5% Triton X-100/PBS, and blocked with
20% goat serum/PBS for 1 hour.

Primary antibodies were applied overnight at 4°C, and
fluorophore-conjugated, species-specific secondary antibodies
were applied 1 hour at room temperature. Samples were then
washed with PBS and cellular DNA was labeled with 4’,6-diami-
dino-2-phenylindole (0.1 pg/ml in PBS). Primary and secondary
antibodies used are listed in Supporting Information Table S1.

Western Blot

For preparation of whole-cell extracts, cells were lysed in “Urea
buffer” containing 8 M Urea, 100 mM NaH,PO,, and 10 mM
Tris HCI pH 8. For preparation of muscle tissue extracts, hind
limb muscles were homogenized in SDS Lysis buffer (1 ml/100
mg of tissue weight). Western blot analysis was performed using
the primary and horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch) listed in Supporting Infor-
mation Table S1.

Quantitative RT-PCR

Total cellular RNA was prepared according to the procedure of
Chomczynski and Sacchi [47], and retrotranscribed using Molo-
ney Murine Leukemia Virus reverse transcriptase (Invitrogen).
Quantitative real-time PCR (qPCR) was performed using TagMan
probe-based fluorogenic 5'-nuclease chemistry and a 7900HT
System (Applied Biosystems, Foster City, CA, www.appliedbiosys
tems.com). The mRNA expression values were normalized to
those of the TATA-binding protein gene. qPCR assays were
designed using the ProbeFinder software (Universal Probe
Library system, Roche, www.roche-applied-science.com). Gene-
specific primer sets and probes are listed in Supporting
Information Table S2.

Statistical Analysis

For all quantitative analyses presented, a minimum of three repli-
cates were performed in terms of independent experiments or
individual mice. For quantification from cryosections, at least
three sections per mouse were analyzed. Two-tailed Student’s ¢
test was used to calculate p values and determine statistically sig-
nificant differences.

RESuULTS

Genetic Knockdown of Cyclin D3 in Myoblasts
Leads to Impaired Proliferation and Premature
Expression of Myogenic Differentiation Genes

To start investigating the role of cyclin D3 in myogenesis, we
targeted cyclin D3 by RNA interference in the C2.7 myogenic
cell line. Figure 1 shows a time course expression analysis of
relevant muscle-specific and cell cycle regulatory factors dur-
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ing differentiation of myoblasts transduced with a retrovirus
expressing a cyclin D3-specific short hairpin RNA sequence
(shCyclinD3) or the empty retrovirus. The expression of
cyclin D3 mRNA, which is normally induced in differentiat-
ing myoblasts, was efficiently inhibited by the shCyclinD3
(Fig. 1A). Compared with controls, cyclin D3-depleted myo-
blasts displayed higher levels of MyoD transcript and prema-
ture induction of the myogenin and myosin heavy chain
(MHC) differentiation markers. Furthermore, the typical
expression pattern of the Pax7 transcription factor was tempo-
rally anticipated following cyclin D3 knockdown (Fig. 1A).
Altogether, this indicated faster differentiation kinetics for
cyclin D3-deprived myoblasts.

Myogenic differentiation entails downregulation of most
cyclins and upregulation of cell cycle inhibitors, including ret-
inoblastoma (Rb) and the CKI p21. Cyclin D3 depletion did
not alter the expression patterns of cyclin D1 and cyclin A,
whereas the Rb and p21 transcripts were induced more rap-
idly (Fig. 1A). The changes in mRNA expression elicited by
cyclin D3 knockdown were accompanied by similar changes
in protein levels with the exception of p21 (Fig. 1B, 1C). In
fact, cyclin D3-deprived myoblasts accumulated greatly
reduced levels of the p21 protein despite induction of p21
transcript, suggesting that cyclin D3 regulates p21 expression
post-transcriptionally.

Next, we investigated the effects of cyclin D3 knockdown
on myoblast proliferation. Cell cycle profile analyses showed
that cyclin D3-depleted myoblast cultures contained a signifi-
cantly increased percentage of cells in the GO/G1 phase rela-
tive to control cells. This was accompanied by a decrease in
the S-phase cell population, both in proliferation medium and
during the first 24 hours in differentiation medium (Fig. 2A).
Accordingly, parallel cell growth curves indicated a reduced
proliferative capacity for cyclin D3-depleted myoblasts (Fig.
2B). Cyclin D3 knockdown in C2.7 myoblasts results, there-
fore, in impaired cell cycle progression and anticipated exit
from the cell cycle in low-mitogen medium.

Following terminal differentiation, cyclin D3-deprived
myoblasts formed multinucleated myotubes that were reduced
in number and size compared with control myotubes, presum-
ably as a consequence of their proliferation deficit (Fig. 2C).
Indeed, if cells were plated at high density and immediately
shifted to differentiation medium, we could observe again a
premature expression of myogenic differentiation genes and
downregulation of p21 in cyclin D3-deprived myoblasts,
while the efficiency of myotube formation was similar to that
of control myoblasts (Supporting Information Fig. S1).

Cyclin D3 Deficient Muscle Displays Smaller Fiber
Size and Decreased Number of Satellite Cells

To explore a potential function for cyclin D3 in postnatal myo-
genesis in vivo, we first examined the expression of cyclin D3
protein in limb muscles harvested from 7- to 60-day-old mice
(Fig. 3A). Cyclin D3 was highly expressed during the first 2
weeks of postnatal life along with markers of proliferating and
early differentiating muscle progenitors, such as Pax7, cyclin
D1, MyoD, and myogenin. All these proteins became undetect-
able after P21, consistent with cessation of postnatal muscle
accretion. Likewise, cyclin D3 and proliferation/differentiation
markers resulted highly expressed in 2-month-old (P60) muscle
during the early phase of cardiotoxin-induced regeneration,
when satellite cells are activated to provide new myonuclei for
muscle repair (Fig. 3A).

To determine the function of cyclin D3 in skeletal muscle
and satellite cells, we analyzed the adult muscle phenotype of
cyclin D3 knockout (D37/ ~) mice [26]. These mice were
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Cyclin D3 knockdown in myoblasts leads to precocious onset of differentiation. C2.7 myoblasts transduced either with the retrovirus

expressing cyclin D3-specific shtRNA (shCyclin D3) or with the empty retrovirus (control) were seeded at 2 X 10° cells into 90-mm dishes, and
transferred to DM after 48 hours. Total RNA and whole-cell extracts were prepared from cells collected in GM 24 hours after seeding or at indi-
cated times after exposure to DM. (A): RT-gPCR analysis was performed on the genes indicated. Graphs represent average 2~ *“T values + SEM
from four independent experiments. (B): Western blot analysis was performed using antibodies specific for the indicated proteins. (C): Quantifica-
tion of protein expression by densitometry analysis of Western blots shown in (B); values are presented as fold change relative to control myo-
blasts cultured in GM (set to 1), after normalization to the corresponding values of a-tubulin levels. Asterisks denote significance (*, p <.05; **,
p<.0l; #* p<.001). Abbreviations: DM, differentiation medium; GM, growth medium; MHC, myosin heavy chain; Rb, retinoblastoma gene;

PRb, retinoblastoma protein.
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Figure 2. Cyclin D3 knockdown in myoblasts results in reduced proliferation, accelerated exit from the cell cycle, and impaired myotube for-
mation. C2.7 myoblasts transduced either with the retrovirus expressing shCyclinD3 or with the control retrovirus were seeded at 2 X 10° cells
into 90-mm dishes and either cultured in GM for 72 hours or transferred to DM 24 hours after seeding. (A): Cells cultured in GM (left panel) or
in DM (right panel) were harvested at the indicated time points, stained with propidium iodide, and analyzed by flow cytometry. Data are pre-
sented as changes in the percentage of shCyclinD3 cells, in particular phases of cell cycle at each time point, relative to control cells. Error bars
represent SEM (£SEM) for five independent experiments. (B): Cells cultured in GM (left panel) or in DM (right panel) were counted at the indi-
cated time points. Graphs represent average cell numbers + SEM (n = 5). (C): shCyclin D3 or control myoblasts were seeded at 2 X 107 cells
into 90-mm dishes, and transferred to DM after 48 hours. Phase-contrast microphotographs (whole X20 field) show cells induced to differentiate
for 2-3 days. Asterisks denote significance (*, p <.05; **, p <.01; *** p<.001). Abbreviations: DM, differentiation medium; GM, growth

medium.

similar to WT littermates at birth but showed growth retarda-
tion, and when adult, they exhibited significantly decreased
body and muscle weight. The loss of muscle weight in D3 -
mice was not merely a consequence of the decreased body
weight because we observed also a significant reduction of
muscle mass in these animals (Fig. 3B). When the myofiber

size and number were quantified in transverse sections of TA
muscles collected from P60 mice, we found that cyclin D3~/
~ myofibers were smaller in size and reduced in number com-
pared with WT myofibers (Fig. 3C, 3D). Then, we examined
the satellite cell population of P60 mice. Compared with con-
trol mice, the number of Pax7-positive cells contained in TA
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Figure 3. Cyclin D3 deficiency in vivo results in postnatal muscle
defects. (A): Cyclin D3 is highly expressed in muscle during postnatal
and regenerative myogenesis. Western blot analysis of extracts pre-
pared from hind limb muscles of 7-60-day-old mice and from unin-
jured (CTL) or injured tibialis anterior muscles of 60-day-old (P60)
mice. Injury was induced by injection of CTX, and muscle was col-
lected after 3 days. Immunoblots were probed with the indicated anti-
bodies. The arrow head indicates a non-specific band (B): Average
body weight, TA muscle weight, and TA muscle mass of 70-85-day-
old wild-type (WT) and cyclin D37/~ (D3_ ) male mice. Error bars
represent =SEM for n=6. (C): Frequency histogram showing the
myofiber cross-sectional area measured on transversal sections of TA
muscles from WT and D3~/ male mice at P60 (n=3; WT: 4,033
myofibers, D37/~ 3,701 myoﬁbers) (D): Average number +SEM of
myofibers per TA cryosection in P60 WT and D37~ male mice
(n=3). Asterisks denote significance (¥*, p<.0l; *** p<.001).
Abbreviations: CTX, cardiotoxin; TA, tibialis anterior; WT, wild type.

cross-sections was reduced by about 30% in D3/~ animals
(Fig. 4A, 4B). This finding was complemented and confirmed
by the enumeration of Pax7 " cells on single myofibers freshly
isolated from EDL muscles. We found, indeed, that the mean
number of Pax7 cells resident on cyclin-null myofibers was
reduced by about 40% when compared with that of WT myo-
fibers (Fig. 4C, 4D). Cyclin D3 deficiency results, therefore,
in adult muscle defects characterized by reduced myofiber
number and size and reduced number of sublaminar satellite
cells, suggesting that cyclin D3 is involved in the establish-
ment of the adult satellite cell pool occurring during postnatal
muscle development.
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Cyclin D3 Loss Affects Satellite Cell Differentiation
and Self-Renewal

The adult muscle defects of cyclin D3-null mice could be due to
a dysfunction of satellite cells. To examine the effects of cyclin
D3 loss on satellite cell behavior, we analyzed the properties of
myofiber-associated satellite cells. Cyclin D3 deficiency did not
affect satellite cell activation, since immunofluorescence analysis
of single EDL fibers 6 hours ex vivo indicated that by this time,
a similar fraction of satellite cells had become activated on both
cycD3-null and control myofibers, as shown by the presence of
MyoD (Fig. 4E).

After 72 hours in culture, immunostaining of EDL myo-
fibers from cyclin D3-null and control mice showed the typi-
cal clusters of satellite cell progeny undergoing proliferation,
differentiation, and self-renewal, distinguished as Pax7"/
MyoD™, Pax7 /MyoD™", and Pax7 /MyoD~, respectively
[48]. Quantification of the number of cells in each category
revealed a significant increase of Pax7 /MyoD™ cells, and a
parallel decrease of Pax7/MyoD~ cells, on cyclin D3-null
myofibers compared with WT controls, which indicates a pre-
cocious onset of differentiation (Fig. SA, 5B). Coimmunos-
taining for Pax7 and myogenin confirmed a significant
increase in the fraction of cells with the differentiating pheno-
type (Pax7 /myogenin™) on cyclin D3-null myofibers, with a
reciprocal decrease of self-renewing (Pax7 " /myogenin~) cells
(Fig. 5C, 5D). Overall, the average number of satellite cell
progeny within each cluster of cells growing on cyclin D3~/
myofibers was reduced compared to WT myofibers (Fig. SE).
Therefore, loss of cyclin D3 results in a shift toward differen-
tiation in the self-renewal/differentiation balance.

To examine the effects of cyclin D3 deficiency on the
later stages of myogenesis, satellite cells released from EDL
myofibers were plated and allowed to differentiate for 3 days.
Coimmunostaining for Pax7 and MHC revealed that the dif-
ferentiation index of cyclinD3-null cells was slightly higher
than that of WT cells, and this was accompanied by a sub-
stantial decrease in the frequency of Pax7-positive undifferen-
tiated cells (55% of control) (Fig. SF--5H). These results
indicate that cyclinD3-null myogenic progenitors have a
higher propensity to fuse into multinucleated myotubes, and a
reduced ability to generate undifferentiated “reserve” cells,
which represent an in vitro model of in vivo quiescent satel-
lite cells.

Then, we analyzed the expression profile of cyclin D3 in
myofiber-associated satellite cells. The expression of cyclin
D3 was undetectable in satellite cells 6 hours ex vivo (data
not shown), and at low levels after culturing myofibers for 48
hours (Supporting Information Fig. S2A). At 72 hours, coim-
munostaining for cyclin D3 and either MyoD, myogenin, or
Pax7 showed that cyclin D3 was highly expressed in the vast
majority of MyoD" and myogenin® cells but only in a small
fraction of Pax7-positive cells (Supporting Information Fig.
S2B--S2D). Furthermore, differentiated cultures of plated sat-
ellite cells showed strong nuclear staining for cyclin D3 in
myotubes but not in mononucleated undifferentiated cells
(Supporting Information Fig. S2E). The high expression of
cyclin D3 in cells with the differentiating phenotype is in line
with our previous studies showing that cyclin D3 protein
becomes stabilized upon myogenic differentiation [39].

Cyclin D3 Null Satellite Cells Have a Reduced
Capacity to Proliferate In Vitro

To further elucidate the features of cyclin D3-null satellite
cells, we analyzed primary myoblasts prepared from hind
limb muscles. An equivalent number of cyclin D3-null or
control primary myoblasts was plated, and cultured for 24,
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Figure 4. Ablation of cyclin D3 leads to a decline in the adult satellite cell pool size. (A): Transverse sections of tibialis anterior muscles from
WT and D3/~ male mice at P60 were stained with Laminin to identify myofibers (green) and Pax7 to identify sublaminar satellite cells (red)
indicated by arrows. Nuclei were counterstained with Dapi (blue). (B): Average number of Pax7-positive cells per cross-sectional tissue area
(mm?) in WT and D3~/ mice. Error bars represent =SEM for n = 3. (C): Single myofibers freshly isolated from extensor digitorum longus
muscles of 8—12-week-old WT and D3/~ mice were stained 6 hours ex vivo for Pax7 (red) and MyoD (green), and counterstained with Dapi
(blue). (D): Average number of Pax7" satellite cells per myofiber in WT and D3/~ mice. Error bars represent =SEM for n=5 WT and n="7
D3/, (E): Quantification of Pax7*/MyoD" satellite cells per myofiber in WT and D3/~ mice. Values are expressed as the mean percentage
of Pax7" cells that were MyoD-positive (means = SEM for n = 4). Asterisks denote significance (**, p <.01). Scale bar = 50 um. Abbreviations:

Lam, Laminin; Dapi, 4’,6-diamidino-2-phenylindole; WT, wild type.

48, and 72 hours, respectively. A significant decrease in the
number of cyclin D3~/ cells was observed after 3 days in
culture, indicating a reduced proliferative capacity (Fig. 6A).
When we compared the cell cycle distribution of cyclin
D3/~ myoblasts versus control myoblasts cultured for 48
hours, we found that a significantly lower percentage of D3~/
~ cells were in S-phase (30% reduction), which was accom-
panied by an increase in the GO/G1 and G2/M cell popula-
tions (Fig. 6B). To further estimate the proliferative potential
of cyclin D3-deficient satellite cells, we assessed the percent-
age of cells in S-phase and mitosis using a 4-hour BrdU
pulse label and immunostaining with anti-phospho-Histone

H3, respectively. A significant reduction in the frequency of
MyoD*/BrdU" cells was observed in cyclin D3/~ cultures
compared to WT controls (Fig. 6C, 6D). Also, fewer cyclin
D3-null than WT myoblasts were found in mitosis (Fig. 6E,
6F).

In agreement with the results obtained with primary myo-
blasts from bulk muscle, we observed a significant decrease
in the fraction of cells in S-phase in cyclin D3/~ satellite
cell cultures derived from isolated EDL myofibers (Support-
ing Information Fig. S3A). Immunostaining for activated
caspase-3 did not reveal any evidence of apoptosis in cyclin
D3-null cells (Supporting Information Fig. S3B). Together,
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Figure 5. Cyclin D3 loss affects SC differentiation and self-renewal. (A): Batches of single extensor digitorum longus (EDL) myofibers from
WT and D3~/ mice were coimmunostained for Pax7 (red) and MyoD (green) after 72 hours in suspension culture. Counterstaining with Dapi
(blue) was used to identify all nuclei present on the myofiber. (B): The graph represents the quantification of the Pax7*/MyoD ™, Pax7*/MyoD ™,
or Pax7 /MyoD™ cells contained in clusters of four or more cells. Data are expressed as the percentage in each category of the total positive
cells per cluster (means = SEM). Clusters (270) from WT (n=4) and D37 (n=3) mice were analyzed, for a total of 2,000 cells counted for
each genotype. (C): Myogenin (green) and Pax7 (red) coimmunostaining of WT and D3/~ EDL myofibers 72 hours after isolation, and counter-
staining with Dapi (blue). (D): The graph represents the quantification of the Pax7/Myogenin~, Pax7"/Myogenin™, or Pax7~/Myogenin™ cells.
Data are expressed as in (B). Clusters (180) from WT (n = 3) and D3/~ (n=15) mice were analyzed, for a total of 1,300 cells counted for each
genotype. (E): Quantification of cluster size. The total number of cells present in the WT and D3/~ clusters analyzed in (B) was calculated and
expressed as mean number of cells per cluster = SEM. (F): Satellite cells derived from WT and D3/~ EDL myofibers were seeded in eight-well
permanox chamber slides (1.2 X 10*/well) and transferred to DM after 24 hours. Cells were cultured in differentiation medium for 72 hours
before fixing and immunostaining for MHC (green) to visualize myotubes and Pax7 to identify mononuclear undifferentiated reserve cells (red).
Counterstaining with Dapi was used to visualize all nuclei (blue). (G): Relative number of Pax7-expressing cells. Values are expressed as the
mean percentage = SEM of total nuclei (WT: n=6; D377 n=5). (H): Quantification of fusion index. Values are expressed as the mean
ratio = SEM of nuclei present in myotubes to the total number of nuclei (n=5). Asterisks denote significance (**, p <.01; *** p <.001). Scale
bar = 50 um. Abbreviations: Dapi, 4’,6-diamidino-2-phenylindole; MHC, myosin heavy chain; WT, wild type.

these data indicate that cyclin D3~/ satellite cells have a Finally, we assessed the differentiation capacity of cyclin
reduced proliferative potential in culture that reflects an D3-null primary myoblast by analyzing the expression of a
impairment of cell cycle progression both at G1/S and G2/M number of muscle differentiation markers (Supporting Informa-
phase transitions. tion Fig. S4A--S4C). No significant difference was detected

www.StemCells.com



2486

)
24 ;
H—] < =037 *%k
_g WT =D3 A
o 3 !
©
S
= 2
© I
= (
=)
8
o
O o
24 48 72  hours

D P-H3

os)

Cell population (%)

P-H3

©
o

Py [22]
o o

N
o

Cyclin D3 Regulates Muscle Stem Cell Function

*%

oWT mD3"

N w P 6]
Q o o Q

BrdU*/MyoD* cells (%)
=)

o

WT D3

30 -

20 -

10 4

P-H3*/MyoD" cells (%)

WT D3

Figure 6. Cyclin D3 null satellite cells show proliferative deficits in vitro. (A): Primary myoblasts from dissociated limb muscles of WT and
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P-H3 positive cells/total MyoD-positive cells are shown. Error bars represent =SEM (n = 4). Asterisks denote significance (*, p <.05; **, p <.01;
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between cyclin D3-null and WT differentiating myoblasts.
Remarkably, however, cyclin D3-null myoblasts displayed
decreased p21 protein expression, without a significant change
of p21 mRNA levels, thus confirming the observation in C2.7
myoblasts depleted of cyclin D3 by RNA interference (Fig. 1).

Cyclin D3 Deficiency Affects Muscle Regenerative
Capacity

In order to confirm that the above studies in vitro reflected
the behavior of myogenic progenitor cells in vivo, acute

injury was induced by injection of cardiotoxin into the TA
muscle of age-matched cyclin D3/~ and WT mice. On day 3
after injury, mice were injected with BrdU intraperitoneally 6
hours before sacrifice and muscles were analyzed to deter-
mine the effects of cyclin D3 deficiency on proliferation and
early differentiation of the satellite cell progeny. By costain-
ing for the myogenic lineage marker MyoD and for BrdU, we
were able to confirm in vivo that cyclin D3-null myogenic
progenitors in the regenerating muscle displayed a signifi-
cantly decreased proliferation rate compared to WT (Fig. 7A).
Also, at this time point, there was a greater number of nascent
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Figure 7. Loss of cyclin D3 affects muscle regeneration. (A): Acute muscle injury was induced in WT and D3/~ male mice at P60 by intramuscular
injection of cardiotoxin. Mice were injected BrdU intraperitoneally 6 hours before sacrifice. Left, cross-sections of tibialis anterior (TA) muscles after 3
days of regeneration stained for MyoD (red) and BrdU (green) to label proliferating myogenic progenitors. Nuclei were counterstained with Dapi (blue).
The graph on the right represents the mean percentage + SEM of MyoD-positive cells that were BrdU" (WT: n=35; D37/": n=4). (B) Left, muscle
cross-sections as in (A) were stained for eMHC (red) to identify newly generated myofibers and Laminin (green) to identify damaged fibers. Nuclei were
counterstained with Dapi (blue). Right, quantitative analyses of nascent fiber number normalized to cross-sectional area of regenerating tissue (mean-
+ SEM for n = 4). (C) Frequency histograms showing the cro%% sectional area of WT and cyclin D3-null myofibers 12 days and 21 days after cardio-
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(means = SEM, n = 4). (E): Left, cross-sections from regenerating TA muscles 21 days after injury stained for Pax7 (red) and Laminin (green) Nuclei
were counterstained with Dapi (blue). Right, quarmhcatlon of Pax7-positive cells associated with regenerated myofibers, normalized to 1 mm? of tissue
cross-sectional area (means = SEM; WT, n=35; D3™'~, n = 3). Asterisks denote significance (*, p <.05; **, p <.01; *** p < .001). Scale bar = 50
um. Abbreviations: Dapi, 4’,6-diamidino-2- phenylmdole, eMHC, embryonic myosin heavy chain; Lam, Laminin; WT, wild type.
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myotubes in cyclin D3-null muscles compared to control
muscles, as determined by staining for embryonic myosin
heavy-chain (eMHC) (Fig. 7B).

After 12 days from injury, cross-sectional area measure-
ment indicated an increased number of smaller centrally
nucleated myofibers in cyclin D3-null muscles compared to
controls, presumably an effect of the reduced expansion and
premature differentiation of myogenic precursors (Fig. 7C).
Similarly, D3/~ muscles showed a decrease in myofiber size
at 21 days of regeneration (Fig. 7C). Furthermore, assessment
of the fiber cross-sectional area in both injured and uninjured
areas of the muscle revealed that WT regenerated fibers dis-
played a 35% increase in fiber size relative to uninjured
fibers, whereas cyclin D3/ regenerated fibers were slightly
smaller than uninjured fibers (Fig. 7D). At this time point,
corresponding to the time by which self-renewal and homeo-
stasis are being re-established, we also observed a reduced
number of Pax7-positive cells associated with the regenerated
myofibers (Fig. 7E). Collectively, these findings reveal that
the absence of cyclin D3 in vivo results in reduced myogenic
progenitor proliferation, precocious ability to differentiate into
myofibers and depletion of self renewing cells, and are con-
sistent with the effects observed in vitro.

DiscussioNn

The mitogen-induced expression of D-type cyclins and assem-
bly with their kinase partners are essential for adult stem cells
to traverse the early G1 phase of the cell cycle, a sensitive
period during which cells make the decision to enter S-phase
or commit to differentiation [49]. Our study uncovers a non-
redundant function played by cyclin D3 in controlling the
proper developmental progression of adult myogenic
precursors.

When compared with WT, adult cyclin D3-null muscles
displayed a reduction in myofiber size, in the number of myo-
fibers and in the number of satellite cells, suggesting that
cyclin D3 deficiency affects postnatal muscle growth and
impairs the establishment of the satellite cell population
within adult muscle. The analysis of satellite cell behavior in
vitro and their response to muscle injury in vivo provide
direct evidence for a satellite cell defect in mice without
cyclin D3.

Cyclin D37/~ myogenic progenitors in culture displayed
reduced proliferative capacity and impaired G1/S progression
indicating that cyclin D3 acts as a rate-limiting factor for
transition through the G1 phase of the cell cycle. Myoblasts
synthesize the three D-type cyclins whose common and major
function is to phosphorylate and inactivate pRb in association
with CDK4/6. The requirement for cyclin D3 could be a
result of heterogeneity of myogenic precursors with respect to
the expression of a specific cyclin D. Alternatively, cyclin D3
might possess additional nonredundant functions that contrib-
ute to promote G1/S progression and/or restrain the onset of
differentiation. In this regard, a recent unbiased systematic
substrate screen not only identified phosphorylation targets of
CDK4/6 complexes additional to pRb but also revealed con-
siderable difference between the cyclin D1-CDK4 and cyclin
D3-CDK6 complex, with the latter phosphorylating a much
broader spectrum of substrates [50]. Among the substrates
that are preferentially phosphorylated by cyclin D3-based
CDK complexes, we noticed a number of factors that are
known to play critical functions in the control of myoblast
proliferation and differentiation, including the DNA replica-
tion licensing factor CDC6 [19], the Polycomb methyltrans-
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ferase Ezh2 [51], the transcriptional regulator MEF2D
[52,53], and the inhibitor of differentiation ZEB1 [54].

In addition to G1/S progression, we found that cyclin D3
is also critical for G2/M phase transition. Previous work pro-
vided evidence that cyclin D3-CDK4 is active in S and G2
phases and that inhibiting this activity delays progression
through the G2 phase and mitosis [55,56]. Furthermore, in the
G2/M phase, cyclin D3 has been reported to interact with and
act as a regulatory subunit of CDK-11P%%/ p58FITSERE 4 Goy/
M CDK [57].

Similarly to that observed in cyclin D3-null primary myo-
blasts, asynchronously proliferating C2 myoblasts depleted of
cyclin D3 by RNA-interference exhibited impaired G1/S pro-
gression, whereas the residual expression of cyclin D3 was
sufficient to efficiently drive these cells through the G2/M
transition. Furthermore, compared with controls, cyclin D3-
depleted myoblasts displayed enhanced expression of MyoD,
anticipated exit from the cell cycle in low-mitogen medium,
and earlier differentiation. The higher levels of MyoD prob-
ably reflect the increased fraction of cells in Gl; in fact,
MyoD expression is known to be regulated in a cell cycle-
dependent manner reaching its highest level in G1 phase, the
time-window during which myoblasts can exit the cell cycle
to enter differentiation [58]. An anticipated timing of differen-
tiation was not appreciable in cyclin D3-null primary myo-
blasts compared with WT controls, probably due to the high
propensity of primary myoblasts to undergo spontaneous dif-
ferentiation even if cultured in high-mitogen medium.

However, the analysis of myofiber-associated satellite
cells in culture revealed that the clusters of satellite cell prog-
eny resident on cycD3-null myofibers were smaller in size
and contained an increased number of differentiating cells,
with a reciprocal decrease in self-renewing cells. Furthermore,
cyclin D3 deficiency impaired the generation of undifferenti-
ated Pax7" “reserve cells” following terminal differentiation
of myofiber-derived plated satellite cells.

A similar behavior was exhibited by cyclin D3-null satel-
lite cells activated in vivo following injury-induced muscle
regeneration. In fact, during the early phase of regeneration,
cyclin D3-null myogenic progenitors displayed a reduced pro-
liferative capacity and a concomitantly increased propensity
for differentiation, whereas at the end of the regeneration pro-
cess, the size of regenerated fibers was smaller in cyclin D3-
null muscle than in WT, and the number of Pax7" cells repo-
pulating the satellite cell niche was reduced.

Therefore, cyclin D3 appears to function by stimulating
proliferation and preventing precocious differentiation of sat-
ellite cells, thus allowing full expansion of transit-amplifying
myogenic progenitors and preserving the self-renewing popu-
lation. This may rely on its known ability to facilitate a rapid
transition through the G1 phase, a crucial period during which
the cells are susceptible to cell-cycle exit and commitment to
differentiation. An additional possibility, that needs to be
investigated, is that cyclin D3 may play a cell cycle-
independent function in transcriptional regulation of myogenic
differentiation genes.

Notably, the defects of cyclin D3-null satellite cells are
similar to those displayed by satellite cells with disrupted
function of the Polycomb proteins Ezh2 or Bmil [51,59].
Indeed, Polycomb complexes are known to play a pivotal role
in maintaining the self-renewal capability of various adult
stem cells by binding directly and repressing the promoter of
pl6, a specific inhibitor of the activity of cyclin D-dependent
kinases [60-64].

Our results highlight a critical requirement of cyclin D3
in maintaining the proliferative potential of myogenic progen-
itors; this extends the reported crucial role of cyclin D3 for
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the proliferative expansion of specific progenitor populations
within several hematopoietic lineages, including immature T
lymphocytes, early B cells, germinal center B cells, granulo-
cytes, and terminally differentiating erythroid precursors
[26,65-69]. In these cell types, specific extrinsic and intrinsic
signals dictate the expression of cyclin D3, whereas the other
D cyclins are not expressed or nonfunctional. Importantly, in
pro-B cells and in myeloid progenitor cells, in addition to
promoting cell cycle progression, cyclin D3 has been recog-
nized to play a function in transcriptional regulation of
differentiation-specific programs [70-72].

In contrast to cyclin D1 and D2, cyclin D3 mRNA expres-
sion is induced in C2 myoblasts transitioning from prolifera-
tion to differentiation. A recent analysis of differentiating
MyoD-null primary myoblasts confirmed that cyclin D3
mRNA levels are sustained by MyoD, whereas at the same
time MyoD mediates downregulation of cyclin D1 and D2
transcripts [15]. The regulation of cyclin D3 expression dur-
ing myogenic progression in vitro, combined with the results
presented here, suggests that cyclin D3 may function to inte-
grate environmental cues with intrinsic signals to selectively
expand myogenic precursors at a specific transitional stage, or
a distinctly specified subset of progenitors, where the other D-
type cyclins are repressed.

Myoblasts must irreversibly exit the cell cycle to initiate
differentiation and this is achieved through induction of the
p21 and p57 cyclin-dependent kinase inhibitors [73]. Previ-
ously, we have shown that cyclin D3 protein accumulates in
differentiated myotubes by forming kinase-inactive complexes
with CDK4 and p21 and mediating their interaction with
unphosphorylated pRb [18,39].

Here, we found that differentiating myocytes lacking
cyclin D3 express substantially reduced levels of p21 protein,
but not p21 mRNA, revealing that cyclin D3 promotes p21
protein synthesis or stabilization. Thus, in addition to stimu-
lating proliferation, cyclin D3 appears to participate in the
process arresting the cell cycle and favoring differentiation.

It has been recently reported that an adenovirus-mediated
upregulation of cyclin D3 in C2C12 myoblasts results in pre-
mature entrance in the myogenic differentiation program,
which appears to contrast with our results showing a similar
phenotypic consequence of cyclin D3 ablation. However, in
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agreement with our results, cyclin D3-overexpressing myo-
blasts were also shown to exhibit an elevated expression of
p21, at the protein but not at the mRNA level, and an
enhanced cell cycle exit, which might explain their faster dif-
ferentiation kinetics [74]. Further, ectopic expression of cyclin
D3 was shown to correct early steps of differentiation in pri-
mary myoblasts from myotonic dystrophy type 1 patients and
this was ascribed to cyclin D3/CDK4/6-mediated phosphoryl-
ation and activation of CUGBPI, a key regulator of transla-
tion of proteins involved in muscle differentiation, including
p21 and MEF2A [75-77].

CONCLUSION

This study establishes cyclin D3 as a critical regulator of pro-
liferation and self-renewal of myogenic progenitors. Cyclin
D3 also appears to promote the accumulation of p21 in differ-
entiating myocytes thus providing a negative autoregulatory
loop that contributes to switch myogenic cells to terminal
differentiation.
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