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The expression of retinoblastoma (pRb) and cyclin D3 proteins is highly induced during the process of
skeletal myoblast differentiation. We have previously shown that cyclin D3 is nearly totally associated with
hypophosphorylated pRb in differentiated myotubes, whereas Rb�/� myocytes fail to accumulate the cyclin D3
protein despite normal induction of cyclin D3 mRNA. Here we report that pRb promotes cyclin D3 protein
accumulation in differentiating myoblasts by preventing cyclin D3 degradation. We show that cyclin D3
displays rapid turnover in proliferating myoblasts, which is positively regulated through glycogen synthase
kinase 3� (GSK-3�)-mediated phosphorylation of cyclin D3 on Thr-283. We describe a novel interaction
between pRb and cyclin D3 that maps to the C terminus of pRb and to a region of cyclin D3 proximal to the
Thr-283 residue and provide evidence that the pRb-cyclin D3 complex formation in terminally differentiated
myotubes hinders the access of GSK-3� to cyclin D3, thus inhibiting Thr-283 phosphorylation. Interestingly,
we observed that the ectopic expression of a stabilized cyclin D3 mutant in C2 myoblasts enhances muscle-
specific gene expression; conversely, cyclin D3-null embryonic fibroblasts display impaired MyoD-induced
myogenic differentiation. These results indicate that the pRb-dependent accumulation of cyclin D3 is func-
tionally relevant to the process of skeletal muscle cell differentiation.

The differentiation of skeletal muscle cells is characterized
by a coordinated sequence of events that include irreversible
exit from the cell cycle, the timely, ordered activation of mus-
cle-specific gene expression, and the fusion of postmitotic myo-
blasts into multinucleated myotubes. This process is regulated
by the basic helix-loop-helix family of myogenic regulatory
factors (MRFs), which includes MyoD, Myf5, myogenin, and
MRF4. The MRFs act in cooperation with members of the
myocyte enhancer factor 2 family of transcription factors to
synergistically activate muscle-specific gene expression (4, 44).

The transcriptional activity of MRFs is tightly coupled to cell
cycle control. It has been well established that mitogenic sig-
naling antagonizes by multiple mechanisms the activity of
MRFs, which results in the absence of differentiation-specific
gene expression in proliferating myoblasts (51). Conversely,
the irreversible withdrawal of myoblasts from the cell cycle
promotes their commitment into differentiation. This key step
involves the inhibition of cyclin-dependent kinase (cdk) activ-
ity, and this is due to the rapid downregulation of most cyclins,
as well as to the induction of the cdk inhibitors p21, p27, and
p57. In addition, transcription of the retinoblastoma growth
suppressor gene (Rb) is highly induced at the onset of differ-

entiation, and the pRb protein, one of the major targets of
cdks, accumulates in the hypophosphorylated form, which in-
hibits cell cycle progression (28, 31, 68).

During the early process of skeletal muscle differentiation,
the myogenic factor MyoD not only initiates muscle gene tran-
scription but also cooperates in promoting cell cycle arrest.
MyoD-mediated growth arrest is linked to its ability to induce
the transcription of critical cell-cycle regulators, such as Rb,
p21, and cyclin D3 (6, 20, 27, 30, 37, 54). The induction of Rb
gene transcription by MyoD is consistent with the well-de-
scribed function of pRb as an inhibitor of E2F activity and cell
cycle progression (21); the parallel induction of p21 by MyoD
contributes to maintaining pRb in the hypophosphorylated
(active) state (32). In addition to its role in the establishment
of the postmitotic state, pRb mediates progression to terminal
differentiation by activating the transcriptional function of
myocyte enhancer family 2 in cooperation with MyoD (5, 22,
45, 46). This differentiation-promoting function of pRb is ge-
netically separable from its cell cycle-controlling function and
appears to be linked to the pRb’s ability to negatively regulate
the activity of Ras (29, 62).

The MyoD-mediated induction of cyclin D3 seems contra-
dictory in differentiating myoblasts progressively arresting in
G1. Notably, however, cyclin D3 is expressed at high levels not
only in differentiated myoblast cell lines but also in skeletal
muscle in vivo during the late stages of mouse fetal develop-
ment and early postnatal life when the muscle cells are already
quiescent and cyclin D1 down-regulated (3). In addition to
skeletal muscle, cyclin D3 accumulates to high levels in quies-
cent, differentiated cell types in a wide range of tissues, includ-
ing liver and adipose tissue. Two recent reports have shed light
on the biological function of cyclin D3 in these differentiated
cells, showing that cyclin D3 promotes adipogenesis through
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the activation of PPAR� and supports the growth arrest of
quiescent livers and differentiated adipocytes by positively reg-
ulating the growth-inhibitory activity of C/EBP� (57, 69).

We have previously shown that cyclin D3 forms catalytically
inactive complexes with cdk4, p21, and PCNA in terminally
differentiated myotubes. We showed also that in these cells,
the bulk of cyclin D3 is pRb-associated, which suggested that
cyclin D3 might function as a bridging molecule, allowing pRb
to sequester inactive cdk4 complexes, as well as PCNA, into
insoluble nuclear structures (6). There is extensive evidence
that hypophosphorylated pRb is tethered to the nuclear matrix
by interacting with components of the lamina and that the
nuclear anchorage of pRb is crucial for its functions (24, 33, 35,
39, 47). Muscle differentiation is associated with both increased
nuclear affinity of pRb and a rearrangement in the intranuclear
organization of lamin A/C (41, 63), and it is increasingly evi-
dent that lamin A/C plays an essential role in myoblast differ-
entiation, as alteration of its activity severely compromises
muscle-specific transcription (17, 19, 36). Interestingly, a re-
cent report has shown that cyclin D3 can specifically induce
lamin A/C reorganization in myoblasts, but not in other cell
types, by a mechanism that requires functional pRb (34).

In previous work, we provided evidence revealing an addi-
tional functional link between pRb and cyclin D3 as we ob-
served that the cyclin D3 protein fails to accumulate in Rb-
deficient myocytes due to its rapid destruction through the 26S
proteasome (6). These earlier observations suggested the hy-
pothesis that pRb promotes cyclin D3 stabilization in differen-
tiating myoblasts. We conducted the present study to (i) de-
termine the pathway that governs the turnover of cyclin D3 in
myogenic cells and (ii) elucidate the mechanism by which pRb
may prevent cyclin D3 degradation during terminal differenti-
ation. We show that the degradation of cyclin D3 in myogenic
cells is regulated through glycogen synthase kinase 3� (GSK-
3�)-dependent phosphorylation of cyclin D3 on Thr-283. pRb
does not appear to influence the activity of GSK-3�. Instead,
we provide evidence that the pRb’s interaction with cyclin D3
in terminally differentiated myotubes inhibits the access of
GSK-3� to cyclin D3, thus preventing the phosphorylation of
Thr-283. We also show that the pRb-dependent cyclin D3
protein stabilization has a functional role during the process of
muscle cell differentiation, as we find that the exogenous ex-
pression of a stabilized cyclin D3 can enhance muscle-specific
gene expression, while cyclin D3 deficiency impairs MyoD-
regulated myogenic events.

MATERIALS AND METHODS

Construction of cyclin D3 mutants and expression vectors. Cyclin D3 mutants
were obtained by PCR-mediated mutagenesis using as template murine cyclin
D3 cDNA (CYL3) cloned into BlueScript vector (38) and the following oligo-
nucleotide primers flanked by 5� and 3� EcoRI sites. Underlining and bold have
the meanings described for wild-type cyclin D3 upstream or downstream primers
unless otherwise specified.

Wild-type cyclin D3: 5�-CCGGAATTCATGGAGCTGCTGTGTTGCG-3�
(“upstream” oligonucleotide primer representing cyclin D3 sense-strand se-
quences flanked by a 5� EcoRI site [underlined] and the adjacent D3 initiation
codon [also underlined and bold]) and 5�GGCGAATTCCTACAGGTGAATG
GCTGTG-3� (“downstream” antisense-strand oligonucleotide primer comple-
mentary to 3� cyclin D3 sequences flanked by a 5� EcoRI site [underlined] and
the adjacent stop codon [also underlined and bold]).

Cyclin D3-mLXCXE mutant: 5�-CCGGAATTCATGGAGCTGCTGgGTcaC
GAGGGCACC-3� (upstream sense primer flanked by a 5� EcoRI site [under-

lined] and the adjacent initiation codon [also underlined and bold] and contain-
ing point mutations [lowercase] in codons 5 and 6 [underlined] that convert the
LLCCE motif of cyclin D3 to LLGHE) and 5�-GGCGAATTCCTACAGGTGA
ATGGCTGTG-3� (downstream antisense primer).

Cyclin D3(T283A) mutant: 5�-CCGGAATTCATGGAGCTGCTGTGTTGC
G-3� (upstream sense primer) and 5�-GGCGAATTCCTACAGGTGAATGGC
TGTGACATCTGTGGGAGcGCTGGTCTG-3� (downstream antisense primer
complementary to 3� cyclin D3 sequences flanked by a 5� EcoRI site [underlined]
and the adjacent stop codon [also underlined and bold] and containing a muta-
tion in codon 283 [lowercase and underlined] that converts Thr-283 to alanine).

Cyclin D3(1–272) truncation mutant: 5�-CCGGAATTCATGGAGCTGCTGT
GTTGCG-3� (upstream sense primer) and 5�-GGCGAATTCCTAGCCCCGG
GGGGCTTTGGG-3� (downstream antisense primer, complementary to cyclin
D3 sequences encoding amino acid residues 267 to 272, flanked by a 5� EcoRI
site [underlined] and the adjacent stop codon [also underlined and bold]).

Cyclin D3(1–249) truncation mutant: 5�-CCGGAATTCATGGAGCTGCTGT
GTTGCG-3� (upstream sense primer) and 5�-GGCGAATTCCTAAGCTTCGA
TCTGTTCCTGG-3� (downstream antisense primer, complementary to cyclin
D3 sequences encoding amino acid residues 244 to 249, flanked by a 5� EcoRI
site [underlined] and the adjacent stop codon [also underlined and bold]). The
resulting PCR products were cloned into the EcoRI site of the pBlue-
ScriptKS(�) cloning vector [pBSKS(�)].

The cyclin D3-dl(250–272) deletion mutant was constructed using a
QuikChange XL site-directed mutagenesis kit (Stratagene). The template was
murine cyclin D3 cDNA cloned into pBSKS(�), and the oligonucleotide primers
were 5�-GCCAGGAACAGATCGAAGCTTCTAGCAGCCAGGGGCCC-3�
and its complementary sequence (spanning nucleotides 728 to 834 and contain-
ing a deletion between nucleotides 748 and 816).

The cyclin D3-mLXCXE/dl(250–272) double mutant was generated by ligation
of the NcoI-ScaI fragment from pBlueScriptCycD3-mLXCXE and the NcoI-ScaI
fragment from pBlueScriptCycD3-dl(250–272).

The cyclin D3(1–225) truncation mutant was generated by exploiting the SacI
restriction site located at position 684 in the cyclin D3 coding sequence. The
plasmid pBSKS(�) cyclin D3 was digested with SacI, and the fragment encoding
cyclin D3 amino acid residues 1 to 225 was ligated to a SacI-Stop-EcoRI oligo-
nucleotide adapter (5�-CTAGAATTCTAGAGCT-3�). The ligation product was
digested with EcoRI and then cloned into the EcoRI site of the pBSKS(�)
vector.

All constructs were checked by sequencing.
Mutated and wild-type cyclin D3 cDNAs were subcloned into the mammalian

expression vector pFlex-1, obtained from the construct pFlex-cyclin D1 (12),
provided by C. J. Sherr (St. Jude Children’s Research Hospital, Memphis, TN),
by EcoRI excision of the cyclin D1 insert and recircularization of the vector by
ligation. The polylinker cloning site 3� from the pFlex-1 promoter is flanked by
a 5� initiator codon followed by sequences encoding the Flag epitope (Met-Asp-
Tyr-Lys-Asp4-Lys). Full-length cyclin D3 cDNAs were excised from pBSKS(�)
with EcoRI and inserted into the EcoRI cloning site of pFlex-1, thereby creating
the Flag epitope fusion to the N-terminal end of cyclin D3. To obtain retroviral
expression constructs, the Flag-cyclin D3 coding sequences were excised from
pFlex-1 with BamHI and subcloned into the BamHI site of the retroviral vector
pBABEpuro (40), provided by B. Amati (IFOM-IEO, Milano, Italy). The ret-
roviral expression construct pBABEpuro-MyoD was generated by subcloning the
EcoRI insert from pEMSV-MyoD (70) into the EcoRI site of pBABEpuro.

The expression construct pCMV-Rb, containing the human Rb cDNA sub-
cloned into pCMV-Neo-Bam (52), and constructs expressing the glutathione
S-transferase (GST)-RB(379-928), GST-RB(379-792), and GST-RB(792-928)
fusion proteins (25) were provided by D. H. Livingston and W. Kaelin (Dana
Farber Cancer Institute, Boston). The construct expressing the GST-RB(792-
882) fusion protein was constructed by PCR amplification, using the plasmid
pCMV-Rb as template, with primers 5�-GGGCGAATTCGGATCCTTTCCTA
GTTCACCCTTACGG-3� (sense primer flanked by a 5� EcoRI site and 5�
BamHI site [underlined]) and 5�-GCCCGAATTCCTCGAGTCATGATCCTTC
AATATCAAAGCG-3� (antisense primer containing a 5� EcoRI site, a 5� XhoI
site [underlined], and the adjacent stop codon [also underlined and bold]). The
resulting PCR fragment was cloned into the EcoRI cloning site of pGEX-4T-1 in
frame with the GST coding sequence. The GST-cyclin D3 construct was con-
structed by PCR amplification, using as the template murine cyclin D3 cDNA
cloned in BlueScript, and the following oligonucleotide primers: 5�-CCGGAAT
TCATGGAGCTGCTGTGTTGCG-3� (sense primer flanked by a 5� EcoRI site
[underlined]) and 5�-GGCGAATTCCTACAGGTGAATGGCTGTG-3� (anti-
sense primer containing a 5� EcoRI site [underlined]). The resulting PCR frag-
ment was cloned into the EcoRI cloning site of pGEX-4T-1 in frame with the
GST coding sequence.
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The construct p6HAUbi, encoding ubiquitin fused to six hemagglutinins (HA)
(HA-tag) driven by the cytomegalovirus (CMV) promoter (43) was provided by
M. Doria (Bambino Gesù Children’s Hospital, Roma, Italy).

Cell lines, culture conditions, and transfections. The C2 line of mouse myo-
blasts (clone C2/7) was originally obtained by M. Buckingam (Institut Pasteur,
Paris, France). CC42 Rb�/� myogenic cells (58) and 3T3 Rb�/� fibroblasts (71)
were provided by J. DeCaprio (Dana Farber Cancer Institute, Boston, MA).
Primary embryonic fibroblasts isolated from wild-type and cyclin D3�/� mouse
embryos were provided by P. Sicinski (Dana Farber Cancer Institute, Boston,
MA).

Early passage mouse embryonic fibroblasts (MEFs) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) plus 10% fetal bovine serum (FBS) by
plating at a density of 3 � 105 cells per 6-cm dish and replating at the same
density every 3 days (64). C2 and CC42 myoblasts and their derivatives and 3T3
Rb�/� fibroblasts stably expressing MyoD were cultured in DMEM supple-
mented with 20% FBS. Myogenic differentiation was induced by exposing the cell
cultures to DMEM containing 2% horse serum. Insect Sf9 cells were maintained
at 27°C in Grace’s medium supplemented with 10% FBS. NIH 3T3 fibroblasts,
HEK 293 cells, and the Phoenix ecotropic packaging cell line were cultured in
DMEM supplemented with 10% FBS.

DNA transfections were carried out with Lipofectamine (Invitrogen) accord-
ing to the manufacturer’s instructions.

Viral infections. High-titer retrovirus stocks were produced by transient trans-
fection of the Phoenix ecotropic packaging cell line by using calcium phosphate,
according to a procedure described previously (49). For transient viral infections,
cells were incubated for 5 h with 1:1 to 1:3 mixtures of retrovirus-containing
medium from Phoenix cells and culture medium supplemented with Polybrene to
a final concentration of 8 �g/ml. The medium was then replaced with fresh
growth medium, and cells were harvested 48 h later. For the generation of C2
and CC42 myoblasts stably expressing cyclin D3 mutants or Rb�/� fibroblasts
stably expressing MyoD, cells were infected as described above, trypsinized,
seeded at low culture densities, and selected for 3 days with 2 �g/ml of puromycin
(Sigma). The resulting puromycin-resistant cell populations were then replated
for the corresponding assays or frozen for successive experiments.

Adenoviruses expressing a nonphosphorylatable, constitutively active form of
pRb (HA	Rb) (Adeno-Rb) or �-galactosidase (Adeno-�-gal) (7) were provided
by M. Crescenzi (Istituto Superiore Sanità, Roma, Italy). The adenovirus ex-
pressing MyoD (Adeno-MyoD) (42) was provided by G. Falcone (CNR-IBC,
Roma, Italy). Viral stocks were amplified and titrated in the permissive HEK 293
cell line using established techniques (48). CC42 myoblasts were infected with
Adeno-Rb or Adeno-�-gal at a multiplicity of infection (MOI) of 500 for 90 min.
Afterwards, the adenoviral supernatant was replaced with growth medium (GM)
or differentiation medium (DM), and the cells were harvested 48 h postinfection.
The conversion of wild-type and cyclin D3�/� MEFs into muscle cells was
obtained by infecting them with Adeno-MyoD at an MOI of 500 overnight.
Twenty-four hours later, the cells were shifted to DM for 48 h.

Baculoviruses expressing cyclin D3 and GSK-3� (11, 26) were provided by C. J.
Sherr (St. Jude Children’s Research Hospital, Memphis, TN), while the baculo-
virus expressing Flag-tagged human Rb (50) was provided by V. Sartorelli (NIH,
Bethesda, MD). Baculovirus amplification and plaque assays were performed in
Sf9 insect cells following standard procedures. For the preparation of insect
lysates, 106 Sf9 cells seeded onto a 60-mm-diameter dish were infected with the
indicated baculoviruses at an MOI of 10. Infected cells were harvested 40 h
postinfection.

Immunoprecipitation, immunoblotting, and kinase assays. For the prepara-
tion of whole-cell extracts, cells were lysed in “NP-40 buffer” containing 50 mM
Tris-HCl (pH 7.6), 250 mM NaCl, 5 mM ATP (pH 7.6), 5 mM MgCl2, 1 mM
dithiothreitol (DTT) and 1% NP-40 supplemented with 5 mM �-glycerophos-
phate, 10 mM NaF, 0.1 mM Na-orthovanadate, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 5 �g/ml aprotinin, 5 �g/ml leupeptin, 5 �g/ml pepstatin. For
the experiments shown in Fig. 9, 10, and 11, cells were lysed in “urea buffer”
containing 8 M urea, 100 mM NaH2PO4, 10 mM Tris HCl (pH 8). The lysates
were cleared of insoluble materials by centrifugation, and protein concentrations
were determined by the Bradford assay.

For immunoprecipitation of ubiquitinated cyclin D3, C2, or CC42, myoblasts
expressing wild-type Flag-CycD3 or Flag-CycD3(T283A) were lysed in “NP-40
buffer” containing 5 mM N-ethylmaleimide. The Flag-tagged cyclin D3 deriva-
tives were immunoprecipitated with the M2 monoclonal anti-FLAG antibody
covalently linked to agarose beads (M2-agarose; Sigma). To detect interactions
between cyclin D3, pRb, and GSK-3� by coimmunoprecipitation, Sf9 insect cells
were infected with the indicated baculoviruses and harvested 40 h later. Cells
were lysed in “ESB buffer” containing 50 mM Tris-HCl (pH 8), 120 mM NaCl,
1 mM EDTA, and 0.5% NP-40 supplemented with protease and phosphatase

inhibitors (0.1 mM PMSF, 5 �g/ml aprotinin, 5 �g/ml leupeptin, 5 �g/ml pep-
statin, 10 mM �-glycerophosphate, 0.1 mM NaF, 0.1 mM Na-orthovanadate).
Cyclin D3 was immunoprecipitated by incubating the lysates for 2 to 4 h at 4°C
with 2 �g of a polyclonal antibody directed against cyclin D3, and the immune
complexes were purified using protein A-Sepharose (Amersham). Flag-Rb was
immunoprecipitated with the M2 monoclonal anti-FLAG antibody covalently
linked to agarose beads (Sigma). Samples were normalized for protein concen-
tration prior to immune precipitation for all determinations.

For immunoblotting analyses, proteins were separated on denaturing polyacryl-
amide gels, transferred to nitrocellulose membrane (Schleicher & Schuell), and
blotted with the indicated primary antibodies. The primary antibodies used
include those against pRb (G3-245; Pharmingen); myogenin (hybridoma IF5D);
myosin heavy chain (MHC) (hybridoma MF20); HA-tag (hybridoma 12CA5);
GSK-3� (610202; BD Transduction Laboratories); Phospho-GSK-3�-Ser9
(9336), Akt (9272), and Phospho-Akt-Ser 473 (9271), all from Cell Signaling
Technology; cyclin D3 (C-16), cdk4 (C-22), GSK-3� (0011A), and lamin B
(M20), all from Santa Cruz; and �-tubulin (clone DM 1A; Sigma). The sites of
antibody binding were visualized by using horseradish peroxidase-conjugated
secondary antibodies (Jackson Immunologic) followed by chemiluminescence
detection (ECL super signal; Pierce). The immunoblots shown in Fig. 2 and 4C
were probed with Alexa 680-conjugated secondary antibodies (Molecular
Probes) and detected by using an Odyssey infrared imaging system (Li-Cor).

For kinase assays, glutathione-Sepharose-bound GST-cyclin D3 or purified
immunocomplexes containing cyclin D3 were collected by centrifugation and
washed twice with kinase buffer (20 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 5 mM
DTT). The beads were then resuspended in 30 �l of kinase buffer containing 0.5
�M ATP, 5 �Ci of [�-32P]ATP (6,000 Ci/mmol; NEN), 0.25 units of recombinant
GSK-3� (New England Biolabs) and incubated for 30 min at 30°C. The beads
were washed three times with kinase buffer and then denatured in 2� sodium
dodecyl sulfate (SDS) sample buffer. Samples were boiled for 10 min and sep-
arated by SDS-polyacrylamide gel electrophoresis (PAGE), stained with Coo-
massie blue, dried, and subjected to autoradiography.

Subcellular fractionation. C2 and CC42 myoblasts cultured in GM or DM
were resuspended in hypotonic buffer (10 mM KCl, 10 mM HEPES-KOH, pH
7.4, 1.5 mM MgCl2, 0.1% Triton X-100, 0.5 mM DTT) at a concentration of 1.5
million cells/ml. After incubation for 20 min on ice, the lysates were centrifuged
for 5 min at 1,000 rpm at 4°C, and the supernatant was preserved as the cytosolic
fraction. The nuclei were washed once in hypotonic buffer and then lysed in urea
buffer. After the protein concentration was determined, 30 �g of both fractions
was subjected to SDS-PAGE and Western blot analysis.

Indirect immunofluorescence analysis. C2 or CC42 cells were grown on cov-
erslips and treated (where indicated) with leptomycin B (40 ng/ml) for 6 h or with
LiCl (20 mM) for 3 h. Cells were fixed with freshly prepared 4% paraformalde-
hyde for 10 min at room temperature and then permeabilized with 0.25% Triton
X-100 in phosphate-buffered saline (PBS) for 10 min. Alternatively, cells were
fixed with cold methanol-acetone (1:1) for 5 min at �20°C. Coverslips were
incubated for 30 min with PBS containing 20% goat serum and then incubated
for 2 h with the following antibodies in PBS–5% goat serum: anti-cyclin D3
(C-16; Santa Cruz) used at 2 �g/ml; anti-Rb (G3-245; Pharmingen) used at 10
�g/ml; and anti-GSK-3� (610202; BD Transduction Laboratories) used at 2.5
�g/ml. After three washes in PBS–0.1% NP-40, cells were incubated with fluo-
rescein- or rhodamine-linked anti-rabbit or anti-mouse antibodies (Jackson)
diluted 1:150 in PBS–5% goat serum. Cells were washed again, and then the
cellular DNA was labeled with 0.1 �g/ml 4�,6-diamidino-2-phenylindole (DAPI).

Preparation of recombinant GST proteins and pull-down assays. pGEX plas-
mids encoding GST fusion proteins were transformed into Escherichia coli BL21
in the presence of 2% glucose; protein expression was induced at 30°C for 3 h by
the addition of 0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) to exponen-
tially growing cultures. The cell pellets were resuspended and sonicated in
“NETN buffer” containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM
EDTA, and 0.5% Nonidet P-40 supplemented with 1 mM PMSF and protease
inhibitors and clarified by centrifugation. The supernatants were mixed with
glutathione-Sepharose 4B (Amersham) for 60 min at room temperature. The
beads were washed twice with NETN buffer containing 0.7 M NaCl and three
times with NETN buffer. The GST fusion proteins were analyzed and quantified
by SDS-PAGE. In vitro-translated 35S-labeled cyclin D proteins were produced
by programming reticulocyte lysate (Promega) with in vitro-transcribed RNA
from pBSKS(�) plasmids containing murine cyclin D1, cyclin D3, or different
cyclin D3 mutants. Reticulocyte lysates containing the translated proteins (10 �l)
were mixed with 5 �g of GST-Rb fusion proteins bound to glutathione-Sepha-
rose in 300 �l of NETN buffer for 3 h at 4°C. The beads were washed three times
with NETN buffer at room temperature, and bound proteins were eluted with
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SDS sample buffer. The proteins were then resolved by SDS-PAGE and pro-
cessed for autoradiography.

RESULTS

pRb is required for cyclin D3 protein accumulation during
myogenic differentiation. In a previous work we have shown
that Rb-null myoblasts that are induced to differentiate fail to
accumulate the cyclin D3 protein despite normal induction of
cyclin D3 mRNA (6). This was determined in the Rb�/� CC42
myogenic cell line, originally isolated from Rb�/� embryonic
stem cells grown as subcutaneous teratomas (58). To rule out
the possibility that the reduced levels of cyclin D3 in these cells
may be consequent to genetic events other than loss of pRb, we
tested whether exogenous pRb expression could restore nor-
mal levels of cyclin D3 protein. To this end, CC42 myoblasts
were infected with Adeno-Rb (7) or a control virus (Adeno-
�-gal). Following incubation in GM or in DM for 48 h, cell
extracts were prepared and cyclin D3 protein levels were mea-
sured by immunoblotting, along with those of MHC, a late
marker of muscle cell differentiation whose expression is
known to be inhibited in pRb-negative myocytes (45). As
shown in Fig. 1A, the reintroduction of pRb in CC42 myoblasts
was sufficient to rescue the expression of both cyclin D3 and
MHC to levels comparable to those observed in differentiating
Rb�/� C2 myoblasts.

The pRb-dependence of cyclin D3 protein accumulation was
further examined in Rb�/� fibroblasts induced to transdiffer-
entiate to muscle by the ectopic expression of MyoD. Cultures
of Rb�/� fibroblasts were rendered myogenic by infection with
a retrovirus encoding MyoD and then transfected with increas-
ing amounts of a pRb expression construct (CMV-Rb). Fol-
lowing incubation in DM for 48 h, the cell lysates were pre-
pared and analyzed for cyclin D3 and MHC protein expression.
The results, as seen in Fig. 1B, show that the expression of
exogenous pRb in the MyoD-transduced Rb�/� fibroblasts was

accompanied by the induction of endogenous cyclin D3 and
MHC protein expression. Therefore, pRb appears to play a
causal role in the increase of the steady-state levels of cyclin D3
in differentiating myogenic cells. As we have previously shown
that cyclin D3 fails to accumulate in pRb-negative myocytes as
a result of its rapid degradation through the 26S proteasome
(6), the above data strongly suggest that pRb promotes cyclin
D3 protein stabilization in terminally differentiating muscle
cells.

The threonine 283 residue is involved in the control of cyclin
D3 degradation in myogenic cells. To gain insight into how
pRb stabilizes cyclin D3 during the process of myoblast differ-
entiation, we first investigated the mechanism that controls the
basal turnover of cyclin D3 in these cells. It has been well
established that the rate of cyclin D1 degradation is regulated
through the phosphorylation of Thr-286, which induces the
ubiquitination and proteasome-dependent degradation of cy-
clin D1 (12). The alignment of cyclin D1 and cyclin D3 se-
quences reveals that this residue is conserved in cyclin D3
(Thr-283 in cyclin D3) in a highly homologous amino acid
sequence context at the carboxyl terminus of the protein.
Therefore, we created a cyclin D3 mutant containing an Ala
for Thr-283 substitution (T283A) and analyzed its turnover
rate compared to that of wild-type cyclin D3 in Rb�/� or Rb�/�

myogenic cells. C2 (Rb�/�) or CC42 (Rb�/�) myoblasts were
infected with retroviruses encoding wild-type cyclin D3 or cy-
clin D3(T283A) and cultured in GM or DM in the presence of
the protein synthesis inhibitor cycloheximide (CHX) in time-
course experiments. The levels of cyclin D3 were then exam-
ined by immunoblotting, along with those of �-tubulin (Fig.
2A, B). Because the ectopically expressed cyclin D3 proteins
were both Flag-tagged at their N termini, they displayed an
electrophoretic mobility slower than that of endogenous cyclin
D3. Under proliferation conditions, the half-life of the cyclin
D3 protein was estimated to be approximately 20 min in C2

FIG. 1. Ectopic expression of pRb restores normal levels of cyclin D3 protein in differentiating Rb�/� myocytes. (A) Proliferating CC42
myoblasts (Rb�/�) were infected with Adeno-Rb or Adeno-�-gal and cultured in GM or DM for 48 h. Equal amounts of protein from cell lysates
were analyzed by immunoblotting with antibodies specific to pRb, cyclin D3, or MHC. As positive control, C2 myoblasts (Rb�/�) cultured in GM
or in DM were analyzed in parallel. Equal loading of the extracts was monitored by immunoblotting with anti-cdk4. (B) Proliferating 3T3 Rb�/�

fibroblasts were infected with the pBABEpuro-MyoD retrovirus and selected for 3 days with puromycin. The puromycin-resistant cell population
(3T3 Rb�/�MyoD) was then transfected with increasing amounts of the CMV-Rb expression construct; the CMV-Neo-Bam empty vector was
included in transfection mixtures to normalize for DNA amount. Cells were transferred to DM 24 h posttransfection and harvested after 48 h.
Equal amounts of protein from cell lysates were analyzed for pRb, cyclin D3, or MHC protein expression by immunoblotting.
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myoblasts, compared with a half-life of about 13 min in CC42
myoblasts (Fig. 2C). Following differentiation, the half-life of
cyclin D3 extended to 50 min in C2 myotubes while remaining
as short as in GM (13 min) in CC42 myocytes (Fig. 2D). As for
the cyclin D3(T283A) mutant, it was very stable in both C2 and
CC42 cells, either growing or differentiating (Fig. 2C, D).
These results indicate that (i) the basal half-life of cyclin D3 is
significantly prolonged upon the differentiation of Rb�/� but
not Rb�/� myoblasts and (ii) the threonyl residue 283 regulates
the turnover rate of cyclin D3 in both Rb�/� and Rb�/� myo-
genic cells.

To examine whether Thr-283 is implicated in cyclin D3
ubiquitination, C2 or CC42 myoblasts were transfected with
expression constructs for Flag-CycD3 or Flag-CycD3(T283A)
together with an HA-tagged ubiquitin expression plasmid.
Flag-CycD3 immunocomplexes were then precipitated from
cell lysates and subjected to Western blot analysis with
anti-HA antibody to detect ubiquitin-conjugated cyclin D3. As
shown in Fig. 3, the incubation of cells transfected with Flag-
CycD3 in the presence of the proteasome inhibitor MG132 led
to the accumulation of high-molecular-weight conjugates im-
munoprecipitated with the anti-Flag antibody. In contrast, a

FIG. 2. Kinetics of cyclin D3 or cyclin D3(T283A) protein turnover. C2 (Rb�/�) or CC42 (Rb�/�) myoblasts were infected with retroviruses
encoding wild-type Flag-CycD3 or Flag-CycD3(T283A). The infected cells were cultured in GM or in DM for 48 h and then treated with CHX
(50 �g/ml) over a 180-min time course. Cells were harvested at the indicated time points after the addition of CHX, and whole-cell extracts were
prepared. Amounts of 60 �g of protein from cells infected with Flag-CycD3 or 30 �g from those infected with Flag-CycD3(T283A) were analyzed
by Western blotting. (A) Immunoblot of cyclin D3 and �-tubulin expression by proliferating C2 or CC42 myoblasts. (B) Immunoblot of cyclin D3
and �-tubulin expression by differentiated C2 or CC42 myocytes. The arrows indicate the endogenous and the exogenous Flag-tagged cyclin D3.
The blots shown are representative of the results of three independent experiments. (C, D) The immunoblots in panels A and B were detected
by using an Odyssey infrared imaging system (Li-Cor), and the intensities of the protein bands were quantitated. The values for cyclin D3 were
normalized to those for �-tubulin and are presented as the percentage of the amount of normalized cyclin D3 in cells not treated with CHX (time,
0 min).
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greatly reduced amount of polyubiquitinated proteins was
recovered from MG132-treated cells expressing Flag-
CycD3(T283A). The immunoprecipitates were also probed
with an anti-cyclin D3 antibody to verify that the wild-type and
mutant cyclin D3 proteins were expressed at the same level. In
addition to native cyclin D3, slower-migrating discrete proteins
were also specifically detected with the antibody to cyclin D3 in
immunoprecipitates from MG132-treated cells transfected
with wild-type Flag-CycD3 but not in those from cells trans-
fected with the Flag-CycD3(T283A) mutant. Therefore, the
integrity of the Thr-283 residue in cyclin D3 appears to be
required for the ubiquitination and the subsequent protea-
some-mediated degradation of the protein in both Rb�/� and
Rb�/� myoblasts.

Phosphorylation of Thr-283 by GSK-3� regulates the turn-
over of cyclin D3 in myogenic cells. Among several proline-
directed kinases tested, GSK-3� was identified for its ability to
specifically phosphorylate cyclin D1 on Thr-286 (11). To ex-
amine whether GSK-3� phosphorylates cyclin D3, a GST-cy-
clin D3 fusion protein produced in bacteria (GST-D3) was
used as substrate for purified GSK-3� in an in vitro kinase
assay. As shown in Fig. 4A, GSK-3� could indeed phosphor-
ylate GST-D3. Next, we determined whether GSK-3� phos-
phorylates cyclin D3 on Thr-283 (Fig. 4B). To prepare sub-
strates, Flag-CycD3 or Flag-CycD3(T283A) was expressed in
NIH 3T3 fibroblasts and recovered by immunoprecipitation
with the M2 anti-Flag antibody. Kinase reactions performed in

vitro demonstrated that purified recombinant GSK-3� was
able to phosphorylate wild-type cyclin D3 but not the cyclin
D3(T283A) mutant. The wild-type and mutant cyclin D3 sub-
strate proteins were equally expressed, as determined by im-
munoblot analysis of the Flag immunoprecipitates with an anti-
cyclin D3 antibody. These results indicate that GSK-3� can
specifically phosphorylate cyclin D3 on Thr-283.

To verify whether the activity of GSK-3� is required for the
degradation of cyclin D3 in myogenic cells, we determined the
effect of the GSK-3�-specific inhibitor lithium chloride (LiCl)
on cyclin D3 protein stability when protein synthesis was
blocked by the addition of CHX (Fig. 4C). Treatment of Rb�/�

myocytes with LiCl significantly prolonged cyclin D3 turnover
(13 min versus 80 min). Likewise, the inhibitor further ex-
tended the half-life of cyclin D3 in Rb�/� differentiated myo-
cytes (60 min versus �180 min), indicating that direct inhibi-
tion of GSK-3� had an effect that was additive to that of pRb
on the stimulation of cyclin D3 stability in these cells. Alto-
gether, the above results indicate that GSK-3�-mediated phos-
phorylation of cyclin D3 at Thr-283 regulates the rate of cyclin
D3 degradation in both Rb�/� and Rb�/� myogenic cells and
suggest that pRb may impinge on cyclin D3 stability by mod-
ulating the activity of GSK-3�.

The kinase activity of GSK-3� is known to be down-regu-
lated through the specific phosphorylation of Ser-9 by the
serine threonine kinase Akt, which, in turn, is activated
through the phosphorylation of Ser-473 by signals originating

FIG. 3. Thr-283 is required for cyclin D3 ubiquitination. C2 (Rb�/�) or CC42 (Rb�/�) proliferating myoblasts were transfected with expression
vectors encoding wild-type Flag-CycD3 or Flag-CycD3(T283A) together with an expression vector for HA-tagged ubiquitin. Transfected cells were
treated with the proteasome inhibitor MG132 (10 �M) or with the solvent dimethyl sulfoxide for 4 h before harvesting. Cell extracts were
immunoprecipitated with anti-Flag antibody. Immunocomplexes were resolved by SDS-PAGE and analyzed by using either anti-HA (upper
panels) or anti-cyclin D3 (lower panels) antibodies. MW, molecular weight; IgG H, immunoglobulin G heavy chains; IgG L, immunoglobulin G
light chains; WB, Western blot; IP, immunoprecipitate; �, present; �, absent.
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with phosphatidylinositol 3-kinase (1, 10). To explore the pos-
sibility that pRb may influence this pathway, we analyzed the
GSK-3� and Akt expression profiles and the phosphorylation
state during the differentiation of Rb�/� myoblasts compared
to that of Rb�/� myoblasts. As shown in Fig. 5A and as ex-
pected, the differentiation of CC42 myoblasts was character-
ized by normal induction of early differentiation markers, such
as myogenin, but greatly reduced expression of MHC (a late
differentiation marker) and cyclin D3. The phosphorylated

forms of Akt and GSK-3� were both up-regulated as early as
myogenin during the differentiation of C2 myoblasts, and this
increase corresponded to an augmentation of the total Akt and
GSK-3� levels. A similar pattern of expression was observed in
differentiating CC42 myoblasts. Because GSK-3� has been
shown to shuttle between nuclear and cytoplasmic compart-
ments in a cell cycle-dependent manner (11), we also examined
whether pRb may affect the subcellular localization of GSK-3�
in myogenic cells. To this end, C2 (Rb�/�) and CC42 (Rb�/�)

FIG. 4. GSK-3� phosphorylates cyclin D3 on Thr-283. (A) Glutathione-Sepharose-bound GST or GST-D3 (1 �g) was incubated with human
recombinant GSK-3� in a kinase assay mixture containing [�-32P]ATP. Proteins were resolved by SDS-PAGE, stained with Coomassie blue, dried,
and subjected to autoradiography. Amounts of 250 ng of GST or GST-D3 were resolved on a parallel gel, transferred to a membrane, and
immunoblotted with an antibody to cyclin D3. WB, Western blot; P-CycD3, phospho-cyclin D3. (B) NIH 3T3 fibroblasts were transfected with
wild-type Flag-CycD3, Flag-CycD3(T283A), or pFlex-1 empty vector. Whole-cell extracts (500 �g) were immunoprecipitated (IP) with anti-FLAG
antibody. Cyclin D3 levels were analyzed in input lysates (5%) and in the anti-Flag immunoprecipitates (20%) by immunoblotting; the remainder
of the anti-Flag immunoprecipitates (80%) was incubated with human recombinant GSK-3� and [�-32P]ATP. Proteins were resolved by SDS-
PAGE, and phospho-cyclin D3 (P-CycD3) visualized by autoradiography. WB, Western blot; �, present; �, absent. (C) CC42 (Rb�/�) or C2
(Rb�/�) confluent myoblasts were exposed to DM for 48 h and then incubated with or without LiCl (20 mM) for 6 h and treated with CHX (50
�g/ml) for the times indicated. Equal amounts of protein from cell lysates were examined by Western blotting with antibodies against cyclin D3
and �-tubulin. The blots shown are representative of three independent experiments. The graphs on the right show the quantitation of the Western
blot data by using an Odyssey infrared imaging system (Li-Cor). The values for cyclin D3 were normalized to those for �-tubulin and are presented
as the percentage of the amount of normalized cyclin D3 in cells not treated with CHX (time, 0 min).

7254 DE SANTA ET AL. MOL. CELL. BIOL.



myoblasts, cultured in GM or DM, were separated into nuclear
and cytoplasmic fractions, which were blotted for GSK-3�. The
purities of the cytoplasmic and nuclear fractions were verified
by immunoblotting with anti-�-tubulin and anti-lamin B1, re-
spectively. As shown in Fig. 5B, GSK-3� was detected in both
the cytosolic and nuclear fractions of proliferating or differen-
tiating C2 myoblasts, and its subcellular distribution remained
unchanged in myocytes lacking pRb. Altogether, these data
indicate that differentiating Rb�/� myoblasts display normal
regulation of GSK-3� in terms of expression, phosphorylation
state, and subcellular localization.

Characterization of the pRb-cyclin D3 interaction. We have
previously shown that cyclin D3 is nearly totally complexed to

hypophosphorylated pRb in differentiated C2 myotubes (6),
raising the possibility that pRb’s binding may hinder the access
of GSK-3� to cyclin D3. The in vitro association between
D-type cyclins and pRb has been previously mapped to a pRb
domain that includes the T/E1A/E7-binding region (termed
A/B pocket) and additional carboxy-terminal sequences and to
an amino terminal LXCXE motif found both in D-type cyclins
and pRb-binding oncoproteins. It has also been observed that
cyclins D2 and D3 can bind more efficiently than cyclin D1 to
pRb (14, 15, 26). To define in more detail the protein domains
required for the association between pRb and cyclin D3, we
performed binding assays using in vitro-translated cyclin D3
and bacterially produced GST-Rb fusion proteins (schema-
tized in Fig. 6, upper inset) which contained the A/B pocket
(residues 379–792), the C-terminal region (residues 792–928),
or the A/B pocket plus the C-terminal region (residues 379–
928; termed large pocket). As a control, we also measured the
ability of these GST-Rb constructs to bind cyclin D1. As shown
in Fig. 6A, cyclin D3 bound with similar efficiencies to the large
pocket and to the C terminus of pRb, but only very weakly to
the A/B pocket. By comparison, cyclin D1 bound weakly to all
Rb fusion proteins tested. These results not only confirm that
cyclin D3 binding requires the C terminus of pRb in addition
to the A/B pocket but also reveal that, in fact, the C-terminal
region of pRb contains a strong cyclin D3 binding site which
can act independently of the adjacent A/B pocket unit.

It has been previously shown that cyclin D1 and cyclin D2
mutants carrying substitutions that destroy their LXCXE se-
quence fail to associate with the pRb pocket region (14, 15);
thus, we introduced analogous substitutions into cyclin D3 to
create the mutant designated CycD3-mLXCXE (schematized
in Fig. 6, lower inset). As shown in Fig. 6A (lower panel), this
cyclin D3 mutant, though unable to bind to the A/B pocket,
could still bind efficiently to the large pocket, as well as to the
C terminus of pRb. Therefore, it can be concluded that stable
interaction between cyclin D3 and pRb requires a domain in
cyclin D3 distinct from the LXCXE motif, as well as sequences
located in the C terminus of pRb. Furthermore, we have been
able to narrow down the cyclin D3 binding site to the most
C-terminal 46 amino acids of pRb, since a GST-Rb fusion
protein containing a C terminus truncated at amino acid resi-
due 882 [GST-Rb(792–882)] resulted in the inability to bind
cyclin D3 (Fig. 6B). Finally, we sought to identify the domain
through which cyclin D3 binds the C terminus of pRb. To this
end, we created a series of C-terminally truncated cyclin D3
mutants, whose structures are schematized in the lower inset of
Fig. 6. GST pull-down assays were then performed using in
vitro-translated wild-type cyclin D3 and mutant proteins and
the bacterially produced GST-Rb(792–928) fusion protein.
The results, as shown in Fig. 6C, indicate that a cyclin D3
protein truncated at residue 272 could still bind the C-terminal
region of pRb, whereas cyclin D3 proteins truncated at resi-
dues 225 or 249 have lost such capability. Then, we created a
cyclin D3 mutant carrying an internal deletion that eliminates
the residues between amino acids 250 and 272; as shown in Fig.
6C and as expected, we found that this mutant was unable to
bind GST-Rb(792–928). Collectively, the mapping analyses de-
scribed above identify a novel domain in cyclin D3 between
residues 250 and 272, required for stable binding of cyclin D3
to the pRb C-terminal 46 residues.

FIG. 5. Analysis of expression, phosphorylation state, and subcel-
lular localization of GSK-3� in Rb�/� and Rb�/� differentiating myo-
blasts. (A) C2 (Rb�/�) or CC42 (Rb�/�) myoblasts were grown to 90%
confluence and then shifted to DM. Whole-cell extracts were prepared
from proliferating myoblasts (GM) or from cultures exposed to DM
for the indicated periods of time. Equal amounts of protein were
separated by SDS-PAGE and subjected to immunoblot analysis using
antibodies against Akt, GSK-3�, cyclin D3, myogenin, MHC, and cdk4
(as loading control). The phosphorylation of Akt or GSK-3� was
analyzed with phospho-specific antibodies that recognize the phosphor-
ylated Ser-473 residue of Akt or Ser-9 residue of GSK-3�. (B) C2 and
CC42 myoblasts were cultured in GM or exposed to DM for 48 h.
Equal amounts of protein (30 �g) from nuclear and cytoplasmic frac-
tions were separated on denaturing gels and subjected to Western blot
analysis with antibodies against GSK-3�, �-tubulin, or lamin B1.
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pRb protects cyclin D3 from GSK-3�-mediated phosphory-
lation. The above data reveal that cyclin D3 interacts with pRb
through a region lying in close proximity to the Thr-283 resi-
due, which is consistent with the hypothesis that the formation
of the pRb-cyclin D3 complex may prevent association be-
tween cyclin D3 and GSK-3�. To examine this possibility, we
performed in vitro binding assays using the relevant proteins
expressed from baculovirus vectors. Sf9 insect cells were in-
fected separately with baculoviruses expressing cyclin D3,

GSK-3�, or pRb, and cell lysates containing high levels of
these proteins were prepared 40 h later. Extracts expressing
cyclin D3 were incubated with those expressing GSK-3� in the
presence or absence of increasing amounts of extracts contain-
ing pRb. Cyclin D3 was then immunoprecipitated, and the
quantities of GSK-3� and pRb recovered in the anti-cyclin D3
immunocomplexes were determined by Western blotting. As
shown in Fig. 7A, GSK-3� precipitated with cyclin D3, and this
interaction was inhibited by pRb in a dose-dependent manner.

FIG. 6. Binding of cyclin D3 to pRb in vitro. The schematic in the upper inset shows the structure of the GST-Rb fusion proteins used and
illustrates the A/B pocket region and the carboxy-terminal region of Rb. The lower inset shows schematic representations of wild-type (WT) cyclin
D3 and cyclin D3 mutants carrying substitutions in the N-terminal LXCXE motif or deletions in the carboxy-terminal region. (A and B) The
indicated GST-Rb fusion proteins or GST alone were bound to glutathione-Sepharose beads and incubated with in vitro-translated, 35S-labeled
cyclin D1, cyclin D3, or the cyclin D3-mLXCXE mutant. Bound proteins were resolved by SDS-PAGE and processed for autoradiography. (C) The
GST-Rb(792–928) fusion protein was incubated with the indicated cyclin D3 proteins translated and radiolabeled in vitro. Bound proteins were
resolved by SDS-PAGE and processed for autoradiography.
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FIG. 7. pRb inhibits the association between cyclin D3 and GSK-3�, thus preventing cyclin D3 phosphorylation by GSK-3�. (A) Insect Sf9 cells
were infected with baculoviruses encoding cyclin D3, GSK-3�, or Flag-Rb. Sf9 cell extract containing cyclin D3 (30 �g protein) was incubated with
extract containing GSK-3� (50 �g) in the presence or absence of increasing amounts of extract containing Flag-Rb (50 �g, 150 �g, or 300 �g).
Lysate from uninfected Sf9 cells was added to the reaction mixtures to adjust for total protein amount. Cyclin D3-containing complexes were then
immunoprecipitated (Ip:D3). Of each immunoprecipitate, 10% was analyzed by immunoblotting with anti-cyclin D3 and 90% by immunoblotting
with anti-GSK-3� or anti-Rb. The input lane contains 3 �g of protein of cyclin D3 lysate, 5 �g of GSK-3� lysate, and 5 �g of Flag-Rb lysate. The
blot shown is representative of three independent experiments. (B) Insect Sf9 cells were infected with a baculovirus encoding cyclin D3 or
coinfected with baculoviruses encoding cyclin D3 or Flag-Rb. The Sf9 lysate containing cyclin D3 (100 �g) was immunoprecipitated with an
antibody to cyclin D3, whereas the Sf9 lysate containing cyclin D3 and Flag-Rb (100 �g) was subjected to precipitation with anti-Flag antibody.
The expression of cyclin D3 and pRb was analyzed in the input lysates (5%) and in the immunoprecipitates (25%) by Western blotting. The
anti-cyclin D3 (25%) and the anti-Flag (50%) immunoprecipitates were incubated in kinase reaction mixtures with human recombinant GSK-3�
and [�-32P]ATP. Samples were then subjected to SDS-PAGE and autoradiography. The results of one experiment representative of three are
shown. (C) NIH 3T3 fibroblasts were infected with retroviruses expressing Flag-CycD3, Flag-CycD3-dl(250–272), or empty vector and harvested
48 h postinfection. Cell extracts (500 �g) were immunoprecipitated with anti-Flag antibody, and afterwards, 20% of each immunoprecipitate was
analyzed by immunoblotting with an antibody to cyclin D3 while the remainder was incubated with human recombinant GSK-3� and [�-32P]ATP
in kinase reaction mixtures. Samples were then subjected to SDS-PAGE and autoradiography. Input lysates (5%) were also analyzed. WB, Western
blot; IP, immunoprecipitate; �, present; �, absent; P-CycD3, phospho-cyclin D3.
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Next, we sought to determine whether cyclin D3 is refractory to
GSK-3�-mediated phosphorylation when complexed to pRb.
Hence, Sf9 cells were infected with baculoviruses expressing
cyclin D3 alone or cyclin D3 together with Flag-Rb. Free cyclin
D3 was directly immunoprecipitated with an antibody against
cyclin D3, while cyclin D3 bound to pRb was isolated by im-
munoprecipitation with the M2 anti-Flag antibody. The anti-
Flag and anti-cyclin D3 immunoprecipitates were normalized
by immunoblotting to yield roughly equivalent levels of cyclin
D3 and then used as substrates for purified GSK-3� in an in
vitro kinase assay. Consistent with our hypothesis, it was found
that pRb-bound cyclin D3 was phosphorylated by GSK-3 much
less efficiently than free cyclin D3 (Fig. 7B). Finally, we wished
to verify whether the region required for cyclin D3 binding to
pRb (amino acids 250 to 272) (Fig. 6) is also necessary for
cyclin D3 to be recognized and, thus, phosphorylated by GSK-
3�. Therefore, Flag-CycD3 or Flag-CycD3-dl(250–272) was
expressed in NIH 3T3 fibroblasts and immunoprecipitated with
the M2 anti-Flag antibody, and kinase reactions were per-
formed using purified recombinant GSK-3�. As shown in Fig.
7C, GSK-3� was able to phosphorylate wild-type cyclin D3 but
not the dl(250–272) cyclin D3 mutant. The wild-type and mu-
tant cyclin D3 substrate proteins were expressed equally, as
determined by immunoblot analysis of the Flag immunopre-
cipitates with an anti-cyclin D3 antibody. Taken together, the
above results indicate that the association between pRb and
cyclin D3 can prevent GSK-3�-mediated phosphorylation of
cyclin D3 on Thr-283.

Functional significance of cyclin D3 protein accumulation
during muscle cell differentiation. The above-described mech-
anism of cyclin D3 stabilization by pRb led us to question the
biological significance of cyclin D3 accumulation during the
process of muscle cell differentiation. To address this issue, we
undertook a series of cellular and biochemical studies.

As shown in Fig. 8A, immunofluorescence staining detected
GSK-3� both in the cytoplasm and nuclei of C2 and CC42
differentiated myocytes, indicating that cyclin D3 may be sub-
jected to GSK-3�-mediated phosphorylation in both cellular
compartments. Cyclin D3 was found to accumulate and colo-
calize with pRb in the nuclei of differentiated C2 (Rb�/�)
myotubes but was hardly detectable in CC42 (Rb�/�) differ-
entiated myocytes. Interestingly, the ectopic expression of a
nonphosphorylatable, constitutively active pRb mutant in
CC42 myocytes resulted in the nuclear accumulation of cyclin
D3 (Fig. 8B), which occurs concomitantly with the induction of
late differentiation markers (Fig. 1A). Previous studies have
shown that GSK-3�-dependent phosphorylation of cyclin D1
triggers nuclear export of cyclin D1 to the cytoplasm where it
is degraded by the proteasome (2). To examine whether cyclin
D3 is similarly subjected to active export from the nuclei of
pRb-negative myoblasts, CC42 myocytes were treated with lep-
tomycin B, an inhibitor of nuclear export, or with the GSK-
3�-specific inhibitor LiCl. As shown in Fig. 8B, leptomycin B
could indeed restore the accumulation of cyclin D3 in the
nuclei of a majority of CC42 myocytes, and a similar effect was
observed following the inactivation of GSK-3� by LiCl, which
indicates that, in the absence of pRb, GSK-3�-phosphorylated
cyclin D3 is rapidly exported to the cytoplasm to be degraded
through the cytoplasmic proteasome. Taken together, these
results are consistent with the idea that pRb promotes the

FIG. 8. The nuclear accumulation of cyclin D3 is restored in Rb�/�

myocytes by expression of exogenous pRb, inhibition of GSK-3� ac-
tivity, or inhibition of nuclear export. (A) C2 or CC42 myoblasts plated
on glass coverslips were exposed to DM for 48 h and then stained with
a GSK-3�-specific antibody and DAPI dye. (B) C2 myoblasts exposed
to DM for 48 h were stained with antibodies to cyclin D3 or pRb and
DAPI dye. CC42 myoblasts plated on glass coverslips were either
mock-infected or infected with Adeno-Rb and then exposed to DM for
48 h. Cells were fixed and processed for immunofluorescence with
antibodies specific to cyclin D3 or pRb and DAPI dye. Where indi-
cated, CC42 myocytes were treated with LiCl (20 mM) or leptomycin
B (LMB, 40 ng/ml) for 3 h or 6 h, respectively, prior to fixation. Bar,
10 �m.
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nuclear accumulation of cyclin D3 by preventing its phosphor-
ylation by GSK-3�.

Having established that GSK-3� inhibition promotes cyclin
D3 stabilization and nuclear accumulation in pRb-negative
myocytes (Fig. 4C and 8B), we next examined the conse-
quences for myogenic differentiation of blocking GSK-3� ac-
tivity in either the absence or presence of pRb. Therefore,
CC42 or C2 myoblasts were cultured in DM alone or comple-
mented with LiCl and the relative expression levels of a num-
ber of muscle differentiation markers were determined by
Western blotting. The results, as seen in Fig. 9A, show that,
following treatment with LiCl, both CC42 and C2 differenti-
ating myoblasts accumulated increased levels of cyclin D3.
Concurrently, LiCl-treated cells exhibited enhanced expression
of the late differentiation markers MHC and sarcomeric �-ac-
tin and the cdk inhibitor p21, while MyoD and myogenin levels
were not grossly affected. Previous studies have demonstrated
that, besides expressing extremely low levels of late differenti-
ation markers, differentiated myocytes lacking pRb fail to un-
dergo G0 arrest and accumulate in the S and G2 phases of the
cell cycle (45, 58). We observed that, in contrast to the induc-
tion of MHC and sarcomeric �-actin, an inhibition of GSK-3�
could not restore terminal G0 arrest to differentiating Rb�/�

myocytes, as indicated by the persistence of high levels of cyclin
A in the presence of LiCl (Fig. 9A). The above findings indi-
cate that GSK-3� inactivation can promote myogenic differ-
entiation concomitantly with enhanced expression of cyclin D3
not only in the presence but also in the absence of pRb,
suggesting that cyclin D3 may be implicated in the control of
muscle gene expression.

To assess the effect of cyclin D3 overexpression on the dif-
ferentiation of Rb�/� myoblasts in the absence of other phys-
iological perturbations elicited by GSK-3� inactivation, CC42
myoblasts were infected with a retrovirus expressing the cyclin
D3(T283A) mutant, which is refractory to GSK-3�-mediated
phosphorylation and, hence, very stable. After puromycin se-
lection, cells were induced to differentiate and muscle-specific
gene expression was examined by Western blotting. As shown
in Fig. 9B, ectopic cyclin D3(T283A) expression led to en-
hanced expression of p21 and cdk4 compared with the levels in
cells infected with control virus (twofold increase relative to
the constitutive levels of lamin B1) but was not sufficient by
itself to induce the expression of MHC and sarcomeric �-actin.
This indicates that, in the absence of pRb, a stabilized cyclin
D3 cannot resume the differentiation-promoting action of
GSK-3� inhibition.

We next determined whether the ectopic expression of cyclin
D3(T283A) affected the differentiation of Rb�/� myoblasts
(Fig. 10A). The expression of retrovirally transduced Flag-
tagged cyclin D3(T283A) in differentiating C2 myoblasts ap-
peared to inhibit the accumulation of endogenous cyclin D3,
which likely reflects a competition for pRb binding, with a
consequent destabilization of endogenous cyclin D3. The dif-
ferentiation of these cells was characterized by normal expres-
sion of MyoD but delayed expression of MyoD transcriptional
targets, including myogenin, MHC, and sarcomeric �-actin.
However, within 3 to 5 days of differentiation, they fully dif-
ferentiated at the biochemical level and formed myotubes
grossly similar to those of C2 myoblasts infected with control
virus. The delayed kinetics of muscle gene induction observed

in C2 myoblasts expressing cyclin D3(T283A) correlated with
the delayed kinetics of pRb dephosphorylation; in fact, pRb
remained in its hyperphosphorylated form, and cyclin A was
highly expressed, for about 2 days after the initiation of differ-
entiation, while cyclin D1 was down-regulated normally within
the first 12 h of differentiation. pRb was afterwards dephos-
phorylated, and cyclin A repressed, at the time of induction of
high levels of p21. Notably, as observed also in pRb-negative
myocytes, ectopic cyclin D3(T283A) expression in C2 myo-
blasts was associated with an 
twofold increase in p21 and
cdk4 protein levels.

The sustained levels of pRb phosphorylation and cyclin A
expression observed in early differentiating myoblasts express-
ing cyclin D3(T283A) suggest an increased proliferation rate
for these cells in DM conditions. To verify this prediction,
sparsely seeded cells were exposed to DM and counted daily
for 3 days (Fig. 10B). After 24 h in DM, the population-
doubling time of myoblasts expressing cyclin D3(T283A) was

20% shorter than that of control C2 myoblasts (9.5 h versus
12 h). Furthermore, in one representative experiment, flow
cytometric analysis performed on cells at this time point
showed that C2 expressing cyclin D3(T283A) had an increased
percentage of cells in the S phase (22.45% versus 9.33% for
control C2 cells), which was associated with a decrease in the
percentage of cells in G1 (53.79% versus 70% for control cells).

To evaluate whether the overexpression of cyclin D3 may
positively influence the differentiation of postmitotic myo-
blasts, we sought to exploit a stabilized cyclin D3 mutant that
had lost the ability to bind pRb, reasoning that this mutant
should be able to accumulate in differentiating myoblasts with-
out promoting pRb phosphorylation and the consequent delay
of their terminal differentiation. Therefore, we generated a
cyclin D3 double mutant carrying a mutated LXCXE motif and
a deletion of amino acids 250 to 272; as shown in Fig. 6 and 7,
such mutations render cyclin D3 unable to bind pRb and re-
fractory to GSK-3�-mediated phosphorylation. When retrovi-
rally transduced into C2 myoblasts, the Flag-tagged cyclin D3-
mLXCXE/dl(250–272) double mutant accumulated to high
levels without inhibiting the accumulation of endogenous cy-
clin D3, which was expected given its inability to bind pRb (Fig.
10A). The differentiation of these cells was characterized by
normal timing of pRb dephosphorylation and G0 arrest and
substantially enhanced expression of the muscle-specific genes
for MHC and �-actin, as well as those for p21 and cdk4.
Furthermore, the proliferation rate in DM of C2 myoblasts
expressing the cyclin D3-mLXCXE/dl(250–272) double mu-
tant was very similar to that of C2 control myoblasts (Fig. 10B).

We finally investigated whether cyclin D3 is required for
myogenesis by examining the MyoD-stimulated myogenic con-
version of cyclin D3-deficient MEFs. MEFs from cyclin D3�/�

and wild-type littermate embryos were infected with Adeno-
MyoD, incubated in DM for 2 days, and then examined for
their abilities to form myotubes and to express muscle-specific
genes (Fig. 11). We observed that while the vast majority of
wild-type MEFs infected with MyoD formed long, multinucle-
ated myotubes, the MyoD-transduced cyclin D3�/� MEFs
showed a greatly decreased degree of myogenic conversion.
Consistently, the expression of late, muscle-specific genes, such
as the MHC and sarcomeric actin genes, was significantly re-
duced in MyoD-transduced cyclin D3-null MEFs compared
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FIG. 9. Lithium chloride (LiCl) enhances terminal differentiation of both Rb�/� and Rb�/� myocytes, but ectopic expression of a
stabilized cyclin D3 mutant in Rb�/� myocytes is not sufficient to reproduce the promyogenic effect of LiCl. (A) C2 or CC42 myoblasts,
seeded in amounts of 2 � 105 cells into 90-mm dishes, were cultured in proliferation medium for 48 h and then transferred to DM either
in the presence or in the absence of LiCl at 10 mM. Cells were harvested at the indicated time points, and equal amounts of protein from
whole-cell extracts were analyzed by Western blotting with antibodies to the indicated cell cycle and differentiation markers. (B) CC42
myoblasts were infected with a retrovirus expressing the cyclin D3(T283A) mutant or with the pBABEpuro control virus and selected with
puromycin. Cells were seeded as described for panel A and exposed to DM after 48 h. Whole-cell extracts were prepared at the indicated
times, and equal amounts of protein were analyzed by Western blotting for expression of the indicated proteins. In the experiments whose
results are shown in panels A and B, equal loading was monitored by immunoblotting with anti-lamin B1. Shown are representative results
from three independent experiments.
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with their expression in wild-type MEFs. By contrast, cyclin D3
deficiency did not affect MyoD-mediated induction of myoge-
nin or pRb.

Interestingly, the p21 and cdk4 protein levels appeared to
decline in cells lacking cyclin D3, in both the presence and
absence of MyoD. The decreased expression of p21 and cdk4
in cyclin D3�/� MEFs is consistent with the previously ob-
served increase of p21 and cdk4 in response to ectopic cyclin

D3 expression in either Rb�/� or Rb�/� myoblasts (Fig. 9B and
10A). These observations reveal that the regulation of cyclin
D3 expression is linked to that of the cdk4 and p21 partners.

DISCUSSION

In an earlier study we have shown that, while the expression
of cyclin D3 mRNA is highly induced by MyoD at the onset of

FIG. 10. The effect of ectopic expression of stabilized cyclin D3 mutants on differentiation of Rb�/� myoblasts. (A) C2 myoblasts were infected
with pBABEpuro control virus or viruses expressing the cyclin D3(T283A) or the cyclin D3-mLXCXE/dl(250–272) mutant, both Flag-tagged at
their N termini. Following selection with puromycin, cells were seeded at 2 � 105 cells into 90-mm dishes in GM and transferred to DM after 48 h,
at which time they reached 
50 to 60% confluence. Whole-cell extracts were prepared at 0, 6, 12, 24, 48, 72, and 96 h after exposure to DM, and
equal amounts of protein were subjected to Western blot analysis using antibodies to the indicated proteins. The blots shown are representative
results of three independent experiments. (B) Growth curves in DM of C2 cells infected with cyclin D3(T283A), cyclin D3-mLXCXE/dl(250–272),
or control retroviruses. Cells were seeded as described for panel A and transferred to DM after 24 h when they reached 
15% confluence. Counts
were made at the time cells were shifted to DM (time, 0) and following 24, 48, and 72 h of incubation in DM. In these culture conditions, cells
reach 80 to 100% confluence on day 3, when they start fusing to form multinucleated myotubes. The curves represent the averages of the results
of three experiments. Error bars show standard errors of the means.
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myoblast differentiation, the cyclin D3 protein becomes stabi-
lized during the process of terminal differentiation by a mech-
anism that appears to require functional pRb. We observed,
indeed, that cyclin D3 mRNA is induced normally in Rb�/�

myocytes but the cyclin D3 protein fails to accumulate as a
result of its rapid degradation through the 26S proteasome (6).
Here we demonstrate that the reintroduction of pRb expres-
sion in pRb-negative myoblasts rescues high levels of cyclin D3

protein, in parallel with the levels of late markers of muscle cell
differentiation. Furthermore, we identify the mechanism by
which pRb stabilizes the cyclin D3 protein in differentiating
myoblasts and provide evidence that the pRb-dependent accu-
mulation of cyclin D3 is functionally relevant to the process of
muscle cell differentiation.

GSK-3� regulates the turnover of cyclin D3 in myogenic
cells. Our half-life determination experiments indicate that the
basal turnover of cyclin D3 is rapid in proliferating C2 myo-
blasts but is significantly prolonged upon their terminal differ-
entiation into myotubes, which are known to accumulate high
levels of hypophosphorylated pRb. By contrast, myoblasts lack-
ing pRb display basal turnover rates of cyclin D3 in both
proliferation and differentiation conditions. Previous studies
have demonstrated that the ubiquitin-mediated proteasomal
degradation of cyclin D1 is triggered by its phosphorylation on
Thr-286 by GSK-3� (11). We provide evidence that a similar
mechanism regulates the turnover of cyclin D3 in myogenic
cells. We found that purified GSK-3� could phosphorylate
cyclin D3 on a specific threonine residue (Thr-283). Mutation
of Thr-283 to alanine (T283A) markedly stabilized cyclin D3 by
inhibiting its polyubiquitination and subsequent degradation.
Finally, the treatment of Rb�/� myocytes with LiCl, a specific
inhibitor of GSK-3� activity, resulted in the stabilization of
cyclin D3. In addition, we observed that LiCl could further
prolong the turnover of cyclin D3 in Rb�/� myotubes, indicat-
ing additive effects of pRb and GSK-3� inactivation on the
stimulation of cyclin D3 stability in these cells.

The multifunctional GSK-3� serine/threonine kinase is nor-
mally active in cells, being primarily regulated through inhibi-
tion of its activity in response to multiple signals (13), including
insulin and insulin-like growth factors. Insulin-like growth fac-
tors potently stimulate skeletal myogenesis and muscle hyper-
trophy through the activation of the phosphatidylinositol 3-ki-
nase/Akt signaling pathway (8, 23, 56, 65, 66). Once activated,
the serine-threonine protein kinase Akt phosphorylates an ar-
ray of substrates that include GSK-3�. Phosphorylation by Akt
results in the inactivation of GSK-3� (10). Given that pRb
controls many aspects of muscle cell differentiation, we con-
sidered the possibility that pRb may positively regulate the
expression and/or the activity of Akt, with a consequent down-
regulation of GSK-3� and stabilization of cyclin D3. We ob-
served, however, that the differentiation of Rb�/� or Rb�/�

myoblasts is associated with a similar increase in Akt activity,
mirroring protein levels, and a parallel induction of both total
GSK-3� and the GSK-3� isoform phosphorylated by Akt. Fur-
thermore, GSK-3� was found to localize in both the cytoplasm
and nuclei of myogenic cells in either the presence or absence
of pRb. Therefore, pRb does not appear to regulate GSK-3�
activity and subcellular distribution in myogenic cells. Instead,
the evidence discussed below indicates that pRb affects cyclin
D3 stability by specifically preventing its phosphorylation by
GSK-3�.

pRb counteracts GSK-3�-mediated phosphorylation of cy-
clin D3 by directly binding cyclin D3. Earlier studies have
shown that pRb and cyclin D3 can directly interact and that
such interaction requires the large pocket region of pRb, com-
prising the A/B pocket and the adjacent C-terminal domain,
and the LXCXE motif located at the N terminus of cyclin D3
(14, 15). Our in vitro binding assays extend the understanding

FIG. 11. Cyclin D3 deficiency results in defects in MyoD-induced
myogenic conversion in MEFs. Wild-type and cyclin D3�/� MEFs
were infected with Adeno-MyoD (�Ad-MyoD) at an MOI of 500 or
mock infected (�Ad-MyoD). Cells were shifted to DM 24 h postin-
fection and harvested 48 h later. Phase-contrast microphotographs
(A) and Western blot analyses (B) of the indicated proteins in whole-
cell lysates normalized for protein amount are shown. Equal loading
was verified by immunoblotting with anti-lamin B1. Shown are repre-
sentative results from four independent experiments. �, present; �,
absent.
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of the interaction between pRb and cyclin D3 by showing that
pRb contains two distinct binding sites for cyclin D3. One
binding site resides in the A/B pocket unit and contacts the
LXCXE motif of cyclin D3, while the other is located within
the C-terminal 46 amino acids of pRb and is used to bind a
region of cyclin D3 between amino acids 250 and 272. This
region lies at the C terminus of cyclin D3 in close proximity to
the Thr-283 residue targeted by GSK-3�. Interestingly, a cyclin
D3 deletion mutant lacking the sequence between amino acids
250 and 272 was both unable to bind pRb and refractory to
GSK-3�-mediated phosphorylation, which indicates that the C
terminus of pRb contacts cyclin D3 protein determinants re-
quired for the interaction of cyclin D3 with GSK-3� and/or for
the adoption of a conformational structure that renders the
Thr-283 residue available for GSK-3�-mediated phosphoryla-
tion. These observations strongly suggest that pRb’s binding to
cyclin D3 prevents the phosphorylation of Thr-283 by GSK-3�.
In support of this notion, in vitro binding and kinase assays
showed that pRb could displace GSK-3� from cyclin D3 and
that pRb-bound cyclin D3 was refractory to GSK-3�-mediated
phosphorylation.

While cyclin D3 and pRb accumulate in the nuclei of termi-
nally differentiated Rb�/� myotubes, we found that cyclin D3 is
almost undetectable in Rb�/� myocytes, which reflects the high
turnover rate of cyclin D3 in these cells. However, the trans-
duction of constitutively active pRb into Rb�/� myocytes re-
sulted in the nuclear accumulation of cyclin D3, which was also
observed following the treatment of pRb-negative myocytes
with an inhibitor of nuclear export or an inhibitor of GSK-3�.
These results strongly suggest that, in the absence of pRb,
GSK-3�-phosphorylated cyclin D3 is actively exported from
the nucleus. Altogether, the above observations are consistent
with the idea that pRb specifically prevents the GSK-3�-me-
diated phosphorylation of cyclin D3 through direct binding,
thereby inhibiting cyclin D3’s nuclear export and subsequent
cytoplasmic degradation.

Stabilization of cyclin D3 by pRb has a functional role in
myogenesis. GSK-3� inhibition has recently been shown to
play an integral role in the processes of myoblast differentia-
tion and myotube hypertrophy (55, 56, 67). We observed that,
in addition to cyclin D3 protein stabilization and nuclear ac-
cumulation, LiCl-treated Rb�/� myocytes exhibited induced
expression of muscle genes specific to the late phase of differ-
entiation, although their G0 arrest remained compromised.
These results reveal that the inhibition of GSK-3� can rescue
some differentiation defects due to the absence of pRb. How-
ever, cyclin D3 does not appear to mediate the promyogenic
action of GSK-3� inhibition, as ectopic expression of the sta-
bilized cyclin D3(T283A) mutant was not sufficient by itself to
induce late muscle gene expression in pRb-negative myocytes.
This was not unexpected since the inactivation of GSK-3�
likely targets different substrates that cooperate to enable dif-
ferentiation in the absence of pRb. The above observations
also suggest that any potential positive effect of cyclin D3 on
muscle gene expression requires pRb.

When ectopically expressed in pRb-positive myoblasts, the
stabilized cyclin D3(T283A) mutant stimulated myoblast pro-
liferation in DM and delayed the onset of terminal differenti-
ation. We observed that this effect of cyclin D3(T283A) cor-
relates with its ability to prolong pRb hyperphosphorylation,

which temporarily inhibits the expression of MyoD transcrip-
tional targets, until p21 has accumulated above a threshold; the
pRb kinase activity of cyclin D3/cdk4 is then repressed, which
permits permanent G0 arrest and the ensuing terminal differ-
entiation. In this regard, we noticed that differentiating C2
myoblasts expressing ectopic cyclin D3(T283A) display higher
levels of p21 and cdk4 than control myoblasts. As expected, the
ectopic expression of a stabilized cyclin D3 double mutant
without the ability to bind pRb did not alter the normal timing
of pRb dephosphorylation and G0 arrest during C2 myoblast
differentiation. This mutant revealed a differentiation-promot-
ing effect of cyclin D3, as it could significantly enhance late,
muscle-specific gene expression in postmitotic myocytes. Alto-
gether, the above observations indicate that an overexpression
of cyclin D3 in predifferentiation myoblasts increases the num-
ber of cells progressing toward terminal differentiation by tem-
porarily delaying muscle-specific expression, whereas an en-
hanced accumulation of cyclin D3 in postmitotic myocytes
appears to stimulate their terminal differentiation.

In striking contrast to cyclin D3, an overexpression of cyclin
D1 has been demonstrated to inhibit muscle gene expression
through both pRb-dependent and pRb-independent mecha-
nisms (53, 54, 61). This underscores important functional dif-
ferences between the two proteins.

In the present study, we also provide evidence that cyclin D3
is required for myogenesis, as we show that MyoD-transduced
MEFs from cyclin D3-null mice fail to undergo terminal dif-
ferentiation. Indeed, cyclin D3 deficiency does not appear to
affect the expression of early differentiation markers such as
myogenin but strongly inhibits the high-level expression of late
differentiation markers and myotube formation. In addition,
and in agreement with the increase of p21 and cdk4 levels
noticed in myoblasts expressing cyclin D3(T283A), cyclin D3-
deficient MEFs express reduced levels of p21 and cdk4 com-
pared with the levels in wild-type MEFs; such decreases, how-
ever, do not appear to be specific to muscle differentiation, as
they were observed both in the absence and presence of MyoD.
Furthermore, the lower levels of p21 cannot account for the
aberrant differentiation of cyclin D3-null cells, as p21�/� fibro-
blasts have been shown to undergo normal MyoD-induced
myogenesis (18). In any case, these observations reveal the
existence of a mechanism linking the expression of cyclin D3 to
that of the cdk4 and p21 partners.

Several pieces of evidence accumulated by us and by others
concur to indicate that cyclin D3 is implicated in the establish-
ment of muscle cell terminal differentiation. Cyclin D3 is in-
duced by MyoD at the onset of myoblast differentiation (6) and
is highly expressed during the late stages of mouse muscle
development and early postnatal life (3). Cyclin D3 promoter
activity is stimulated during insulin-dependent myoblast differ-
entiation through phospholipase C signaling (16). In terminally
differentiated myotubes, cyclin D3 is recruited into insoluble
nuclear structures by forming kinase-inactive complexes with
cdk4, p21, and PCNA and mediating their interaction with
unphosphorylated pRb (6). Further, cyclin D3 brings about
changes in intranuclear lamin A/C organization in differenti-
ating myogenic cells with the requirement of pRb (34). In this
paper, we identify cyclin D3 as a downstream target of pRb
regulation, as we demonstrate that pRb stabilizes cyclin D3
protein during terminal muscle cell differentiation. Further-
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more, we demonstrate for the first time that cyclin D3 is re-
quired for proper myogenic differentiation. Importantly, the
aberrant myogenic phenotype observed in MyoD-converted,
cyclin D3-null MEFs, i.e., greatly reduced expression of late,
muscle-specific genes, strikingly overlaps that of pRb-deficient
myoblasts, which strongly suggests that cyclin D3 takes part in
the differentiation-promoting function of pRb.

Cyclin D3 knockout mice are viable and display focal defects
in the maturation of specific myelolymphocyte precursors (9,
59, 60). No overt abnormalities were reported in skeletal mus-
cle; our observations, however, raise the possibility that cyclin
D3 may play an essential role in the developmental program of
adult muscle cell precursors.
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