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Abstract

During in vitro myogenesis, a portion of myoblasts undergo apoptosis,
whereas others continue with their differentiation program and form
myotubes that are resistant to cell death. Previous work has shown that
the expression of the Cdk Inhibitor p2! correlates with enhanced resist
ance to apoptosis and that forced expression of p21 wIll confer this
phenotype on differentiating myocytes. Here we examine the role of the
retinoblastoma gene (Rb) in myocyte survival. Compared with wild-typo
myocytes, CC42 (Rb-i-) myocytes undergo higher frequencies of apop
tosis during mitogen deprivation-induced myogenesis. Despite these fea
tuna, Rb@-/â€”myocytes display normal up-regulation of p2! and down
regulation of Cdk activities upon differenfiatlon. Adenoviral constructs
expressing the Cdk inhibitors p21 or p16 InhIbit apoptosis in wild-type but
not Rbâ€”Iâ€”myocyte cultures. On the other hand, a Rb-expressing adeno
@â€˜iralconstruct Inhibited apoptosis in both cell types. These data demon

strata that Rb functions downstream from the Cdk Inhibitors to coordi
nate cell cycle withdrawal with programmed cell death during myocyte
differentiation.

Introduction

During skeletal muscle myogenesis, proliferative myoblasts irre
versibly withdraw from the cell cycle and phenotypically differentiate
into multinucleated myotubes that express contractile proteins. Re
cently, we demonstrated that myocyte viability is also regulated
duringthis transition(1). Myoblasts are susceptible to mitogen-dep
rivation induced apoptosis, but terminally differentiated myotubes are
resistant to cell death. The induced expression of the general Cdk
inhibitor p21 but not myogenin, an earlier marker of differentiation
(2), correlates with the acquisition of the apoptosis resistance pheno
type. Furthermore, the forced expression of p21 confers resistance to
apoptosis. These data demonstrate that a decision fork occurs at the
level of p21 expression with regardto whether a cell will undergo
apoptosis or continue with its differentiation program. However, the
mechanisms by which p2! confers the resistance to apoptosis have not
been investigated.

The Rb3 protein has been shown to be importantfor the mainte
nance of the postmitotic state in myocytes (3, 4). Myogenic differen
tiation results in an increase in the steady-state level of Rb mRNA (5,
6)andintheaccumulationofthehypophosphorylated(active)formof
the Rb protein (5, 7). Myocytes derived from Rbâ€”Iâ€”stem cells can
differentiate into multinucleated myotubes, but they do not appear to

permanently withdraw from the cell cycle based upon the observation
that Rbâ€”Iâ€”myotubes can reinitiate DNA synthesis upon serum
stimulation. Because Rb is a downstream target ofp2l in myocytes (3,
8) and because Rb is essential for proper cell cycle control (4), we
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investigated its role in the regulation of myocyte survival during
differentiation.

Materials and Methods

Cells. The CC42 Rbâ€”Iâ€”myocytes, isolatedfromRb null mutationmouse
stem cells (9), were kindly provided by Dr. Ed Cosgrove (Departmentof
Cardiology, Children's Hospital, Boston, MA). C2C12 mouse myoblasts and
CC42 myocytes were grown in DMEM supplementedwith 20% fetal bovine
serum (growth medium). Myogenic differentiation was initiated by shifting
subconfluentculturesof myoblasts to differentiationmedium (DMEM, 2%
heat-inactivated horse serum). Myotube cultures were produced by culturing
myocytes in the differentiation medium for 5 days; the medium was changed
every 2 days.

Immunoblotting and Immunofluorescent Microscopy. The preparation
of cell lysates and immunoblottinganalyseswere perfonnedas described(8).
For immunofluorescentmicroscopy, CC42 and C2C12 myocytes grown on
coverslips were incubatedin differentiationmediumfor 5 days; the medium
was changed every other day. These myotube cultures were then exposed to
high-scram growth medium in the presence of 10 @a@icytosine @3-D-arabino
furanoside (Are-C) for 24 h. The cells were fixed for 10 mm with 2%
paraformaldehyde (in PBS), and permeabilized with 0.5% NP4Oin PBS. After
being blocked for 5 mm with 2% BSA, cells were stained with a monoclonal
antibody to skeletal myosin heavy-chain proteins (MF2O) and rhodamine
conjugated antibody to mouse IgO. Subsequently, cells were stained for
apoptosisusing digoxigenin-dUTP-terminaldioxynucleotidetransferasemix
ture and fluorescent-conjugated antidigoxigenin antibody (Apoplag, Oncor),
counterstained with Hoechst 33258, and mounted. Specimens were examined
and photographedon a Nikon Diaphotfluorescencemicroscope.

AdenoviralVectorConstruction.Thead-pl6,ed-p2landad-pRbrecom
binantadenovirusesusedin this studyarebasedon humansemtype5 in which
the viral early region 1 (includingEla, Elb, and p11) has been deleted to
render the viruses replication deficient. The Ad.(3-galactosidasecontains plX
andhas been describedpreviously(10). All of these transgenesin the recom
binant adenoviruses are driven by the human cytomegalovirus immediate early
promoter. The cDNAs for p16 and p21 were cloned out from a Quickclone
cDNA library (Stratagene)by PCR using the primers described below to
amplify either a 47l-bp cDNA for p16 or a 543-bp cDNA for p21, both with
5' XbaI and 3' BamHIends. These bands were isolated from an agarose gel
using a Genecleankit (Bio 101), digestedwithXbaI,BamHI,andinsertedinto
theXbaI,Bamffl-digestedpACNplasmid(11).Thefull.lengthRbcDNAwas
digested out from the plasmid pETRbc as a 2.8-kb XbaI, BamHI fragment and
was also cloned into XbaI, BamHI-digested pACN. The resulting plasmids
were linearized and cotransfected with either the large fragment of Cia!
digested H5iIE4 (12) to generate Ad-p16 and Ad-p2l containing partial dde
tions in the Ad PAregion, or the large fragment of ClaI.digested Ad 34, which
is a hybrid of H5iIE4 and d1327adenoviral DNAs and contains deletions in
both the P3 and PA regions of adenovirus, to create Ad-Rb. Isolated recom
binantviruseswere identifiedby both restrictiondigestionandWesternanal.
ysis and were purified according to the method of Huyghe et al. (13).

Thep16primerswere5' CGCTCFAGACCATGGAGCCTFCGGCTGAC
3' (forward) and 5' GCGGGATCCAGCCTCFCFGGTFC1TFCAATC 3' (re
verse). The p21 primers were 5' GCTCTAGATFACTCGAGCTCAGAG
GAGGCGCCATGTCAGAACCGGCr 3' (forward) and 5' CGGGATCCT
CATCGATOGT000CGGATFAGGGC'VFCCTCVFGGAGAA 3' (reverse).

Adenoviral Infection and Flow Cytometry Analyses. Subconfluentcul
[uses of C2C12 and CC42 myocytes were incubated with growth medium
containing the virus constructs at 300 plaque-forming units/cell for 24 h and
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then transferred to low-serum medium (DMEM plus 0.5% PBS) to induce
apoptosis. After 36 h in low-serum medium, adhesive cells that remained on
the plateswere harvestedby trypsinization,combinedwiththe floatingcells in
the medium,pelleted,andwashedwith PBS. The cells were thenfixed in 70%
ethanolovernight.Samples were stainedwith propidiumiodide (25 ng/ml in
PBS) and DNA content was measured using a FACScan flow cytometer
(BectonDickson).Cell cycle analysisof the resultingDNA histogramsof cell
number versus integrated red fluorescence was performed using a multicycle
software(PhoenixFlow Systems, San Diego, CA).

Results

Regulation of Cell Cycle Proteins during CC42 Rbâ€”Iâ€”Myo
cyte Differentiation. To initiate studies on the relationship between
p2! and pRb in myocyte apoptosis, the expressionpatternsof various
cell cycle proteins were determined by Western blot analysis in
wild-type C2C12 and mutant Rbâ€”Iâ€”CC42 cells (Fig. 1). In both
wild-type and mutantcells, few or no changes were detected in the
expression levels of CDK4 or the Cdk inhibitors p16 and p27. In both
cell types, expression of p21 was low in myoblasts and much higher
in differentiatedmyotubes, and the high levels were sustained when
myotubes were restimulated with serum. The expression pattern of
p21 correlated with the inhibition of CDK4 and CDK2 kinase activ
ities under these conditions (Fig. 1). Despite this sustained up-regu
lation of p21 and down-regulation of CDK2 and CDK4 activities
during myogenic differentiation,CC42 myotubes are capable of cell
cycle activity upon serum restimulation (9). Consistent with reports of
S phase reentry,we detected PCNA expression in serum-restimulated
CC42 myotubes but not in the C2C12 myotubes (Fig. 1). Therefore,
in the absence of Rb function, CDK kinase activity is dissociated from
S-phase entry, and p21 induction fails to inhibit cell cycle progression.

Rb-/- Myotubes Are Highly Susceptible to Apoptosis. Corn
pared with differentiating wild-type myoblasts, myotubes are rela
tively resistant to apoptosis (1). To assess the role of Rb in myotube
viability, Rbâ€”Iâ€”CC42 myotube cultures were analyzed for cell death
by staining with the digoxigenin-dUTP/terrninal dioxynucleotide

C2C12 CC42(Rb-I-)
I @@lI
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transferase method (ApopTag). As shown in Fig. 2, most of the CC42
myotubes underwent apoptosis within 30 h when treated with growth
medium in the presence of the anticancer drug Ara-C, which is known
to induce apoptosis (1). These cells also displayed condensed chro
matin by Hoechst staining, which is characteristic of apoptosis. In
contrast, C2C12 myotubes were negative for ApopTag staining, and
they did not display morphologicalfeaturesof apoptosis underthese
conditions (Fig. 2). CC42 myotubes also exhibited a high rate of

spontaneous apoptosis in differentiation medium and cultures re
mained viable for less than 1 week, but C2C12 myotubes were largely
negative for ApopTag staining and they did not display morphological
featuresof apoptosiseven aftertwo weeks in differentiationmedium
(data not shown). These data indicate that Rb is importantin main
taming the viability of differentiated myotubes.

Rb-dependent Inhibition of Apoptosis by Constitutive Expres
sion of Cdk Inhibitors. The role of pRb in myocyte apoptosis was
furtherassessed by flow cytometryanalysis. C2C12 and CC42 myo
blast cultures were shifted to differentiationmedium for 36 h, har
vested, and stained with propidiurn iodide. Due to DNA fragments
tion, apoptotic cells have lower DNA content and display a sub-G1
peak in the flow cytometry histogram (14). This apoptotic sub-G1
peak was detected in both C2C12 and CC42 cultures (Fig. 3). How
ever, the percentageof CC42 cells thatunderwentapoptosis (34.8%)
was markedly greater that of C2C12 cells (12.8%).

To assess the roles of Cdk inhibitor proteins in apoptosis during
myocyte differentiation, C2C12 and CC42 myoblast cultures were
infected with replication-defective adenoviral constructs, which
express either p2!, p16, Rb, or @3-galactosidase, for 24 h prior to
the induction of myogenesis (Fig. 3). Infection with the control
adenovirus construct expressing f3-galactosidase had no effect on
the appearanceof sub-G1 peak in the C2C12 or the CC42 myocyte
cultures. However, few if any apoptotic cells were detected in
C2C12 cells infected with adenoviral constructs that express the
Cdk inhibitors p21, p16, or the wild-type Rb protein. Infection with
Ad-p2l or Ad-p16 had no effect on the induction of apoptosis in
the CC42 cultures. However, the apoptotic sub-G1 cells popula
tions were eliminated in both cell types by the adenovirus construct
expressing Rb.

Discussion

Cdk inhibitors appear to function as dual regulators of cell viability
and proliferationin a numberof developmental cell lines. Overex
pression of the Cdk inhibitor pl6INK4 will protect differentiating
neuronal cells from apoptosis (15), and antisense oligonucleotides to
p21 will enhance neuroblastoma cell death upon differentiation (16).
Similarly, HL6O leukemia cell differentiation is accompanied by the
up-regulation of Cdk inhibitors and the inhibition of apoptosis (17â€”
19). A high frequency of apoptotic cell death also occurs upon
myocyte differentiation, but differentiated myotubes display low fre
quencies of cell death (1). Myogemc differentiation is strictly ordered
and is characterized by at least four temporally separable events. Early
events include the induction of the basic helix-loop-helix protein
rnyogemn followed by the induction of p21 and cell cycle withdrawal
(2). The expression of contractile proteins and subsequently cell
fusion only occur in cells that are postmitotic. The acquisition of the
apoptosis-resistant phenotype correlates with the induction of p21 (1).
Furthermore, the premature expression of the Cdk inhibitors p21 or
p16 during the myogenic program will inhibit apoptotic cell death
(Ref. 1 and Fig. 3). Collectively, these datasuggest that the develop
mental regulation of Cdk inhibitor expression may be a general
mechanism that influences whether a cell will undergo apoptotic cell
death or continue with its differentiation program.
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Fig. 1. Myogenic differentiation of C2CI2 (Rb+/+) and CC42 (Rbâ€”Iâ€”)cells is
associated with the induction ofp2l and the decrease in CDK2 and CDK4 activities. Cell
lysates were prepared from C2C12 and CC42 myoblasts (Mb), myotubes (Mt), and
myotubes cultures restimulated with serum for 24 h (SSM). The relative protein levels of
proliferating cell nuclear antigen (PCNA; A), p21 (B), p16 (C), p27 (D), and CDK4 (E) in
these cell lysates were determined by immunoblotting. The CDK4-associated Rb-kinase
(F) andCDK2-associatedhistoneHI kinase(G) activitieswerealsomeasured.
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Fig. 2. Rb-dependentresistance of myo

tubesto apoptosis.Myotubeculturesderived
from C2C12 (Rb+/+) and CC42 (Rbâ€”Iâ€”)
myoblasts were treated with anticancer drug
Am-C (10 p.M) in high-serum growth medium.
After 24 h, cells were fixed and stained for
apoptosis (ApopTag; green), the muscle dif
ferentiationspecificmarker myosinheavy
chain protein (MHC; red), and Hoechst dye
33285(blue).Aâ€”C,samefieldofC2Cl2 myo
tubes stained for MHC (A), Apoplag (B), and
Hoechst dye (C). Arrows, an undifferentiated,
MHC-negative C2C12 myoblast that is Ap
opTag-positive. Dâ€”F,same field of CC42
myotubes staining for MHC (D), ApopTag
(A), andHoechstdye (C).
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Here, we analyzed the role of pRb in mediating Cdk inhibitor
enhanced viability during myocyte differentiation. Myocytes lacking
functional Rb undergo higher rates of apoptosis during mitogen dep

rivation-induced differentiation, and myotubes formed from Rbâ€”Iâ€”
myoblasts display a higher frequency of death than Rb+I+ myotubes.
Furthermore, the forced expression of the Cdk inhibitors p21 or p16
does not protect against apoptosis in differentiating myocytes that lack
Rb. These data suggest that the accumulation of hypophosphorylated,
active pRb is critical for myocyte survival during differentiation. This
hypothesis is consistent with the demonstrated role of p21 in inhibit
ing CDK2 and CDK4 activities leading to net pRb dephosphorylation
during myogenesis (3, 8).

The observation that Rbâ€”Iâ€”myocytes have enhanced susceptibil
ity to apoptotic cell death are in agreement with reports that pRb

overexpression will suppress apoptosis in nonmyocyte lines. Consti
tutive expression of wild-type Rb in human osteosarcoma cell line
SAOS-2, which lacks functional Rb, results in increased resistance to
radiation-induced apoptosis (20). Rb overexpression has also been
reported to inhibit p53-mediated apoptosis in HeLa cells (21). Also
consistent with these observations is the finding that apoptosis is
induced in P19 neuronal cells and cardiomyocytes through the mac
tivation of Rb by EJA expression (22, 23).

Collectively, these data indicate that Rb functions as a downstream
mediator of both the cell cycle- and apoptosis-inhibitory functions of
Cdk inhibitors. Rb may inhibit apoptosis by preventing the action of

the downstream protein E2F1 , which has been shown to induce
apoptosis through a p53-dependent mechanism (24â€”26).However,
the role of p53 in myocyte viability has not been explored. Therefore,
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Fig. 3. Rb-dependentinhibitionof apoptosisby the Cdk inhibitorsin differentiating

myocytes. Flow cytometry analysis of low serum-treatedC2C12 or CC42 myoblast
cultures that have been infected with adenovirus constructs expressing p21 (Ad.p21), pRb
(Ad-pRb),p!6 (Ad-p16),and @-galactosidase(a-gal;Ad-IacZ)or uninfectedcells(Con
trot). The DNA histogram pattern was determined by plotting the intensity of propidium
iodide staining, which reflects the DNA content in each cell. as a function of cell number.
Positions ofthe apoptotic sub-61 cell population (P0) are indicated by arrows in the first
panel of each cell type. One set of representative data from four independent experiments
is shown. The percentage ofapoptotic cells in control C2C12 myocytes was 12.8 Â±2.4%
(mean Â±SE); in Ad-p21-infected C2C12 cells, 3.0 Â±2.5%; in Ad.pRb-infected C2C12
cells, 2.8 Â±2.8%;in Ad-pl6.infected C2C12cells, 2.9 Â±2.6%;andin Ad-a-gal-infected
C2C12cells,12.7Â±3.4%.Thepercentageof apoptoticcellsincontrolCC42myocytes
was 34.8 Â±12.1%;in Ad-p2l-infected CC42 cells, 31.6 Â±10.2%;in Ad-pRB-infected
CC42cells,5.8 Â±6.1%;in Ad-pl6-infectedCC42cells,35.3 Â±13.8%;andin Ad-(3-
gal-infected CC42 cells, 34.4 Â±14.1%.

the activities of the E2F transcription factors may ultimately regulate
the balance between myocyte differentiationand apoptosis.

These data illustrate the utility of myogenic cells for assessing the
interplay between cell proliferation and apoptosis during differentia

tion. Future studies will focus on the Rb-E2F interactionto further
elucidate the molecular mechanisms that coordinate myocyte prolif
eration, apoptosis, and terminal differentiation.
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