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The cyclin D-dependent kinase is a critical mediator of mitogen-dependent G1 phase progression in mam-
malian cells. Given the high incidence of cyclin D1 overexpression in human neoplasias, the nature and
complexity of cyclin D complexes in vivo have been subjects of intense interest. Besides its catalytic partner,
the nature and complexity of cyclin D complexes in vivo remain ambiguous. To address this issue, we purified
native cyclin D1 complexes from proliferating mouse fibroblasts by affinity chromatography and began to
identify and functionally characterize the associated proteins. In this report, we describe the identification of
Hsc70 and its functional importance for cyclin D1 and cyclin D1-dependent kinase maturation. We demon-
strate that Hsc70 associates with newly synthesized cyclin D1 and is a component of a mature, catalytically
active cyclin D1/CDK4 holoenzyme complex. Our data suggest that Hsc70 promotes stabilization of newly
synthesized cyclin D1, thereby increasing its availability for assembly with CDK4. In addition, our data
demonstrate that Hsc70 remains bound to cyclin D1 following its assembly with CDK4 and Cip/Kip proteins,
where it ensures the formation of a catalytically active complex.

Cell cycle transitions require the sequential and ordered
activation of the cyclin-dependent kinases (CDKs) and inacti-
vation of CDK inhibitors. The D-type cyclins, the regulatory
subunits of the CDK4/6 kinase, are induced through mitogen-
triggered signaling events during the G1 phase of the cell cycle.
Mitogenic stimuli trigger the accumulation of active cyclin
D1/CDK4 complexes through both increased expression and
decreased proteolysis of cyclin D1 and through the promotion
of cyclin D1/CDK4 assembly (46). Expression of cyclin D1
depends upon activation of a signal transduction cascade in-
volving Ras, Raf-1, and the extracellular signal-regulated pro-
tein kinases (ERK1/2) (2, 3, 10, 27, 30, 53, 54). Accumulation
of cyclin D1 during G1 also relies upon mitogen-dependent
inhibition of glycogen synthase kinase 3� via activation of
phosphatidylinositol 3-kinase (14). Inhibition of glycogen syn-
thase kinase 3� results in decreased cyclin D1 proteolysis (14)
and nuclear accumulation of the cyclin D1/CDK4 kinase (4, 5,
14).

Expression of CDK4/6, unlike that of the D-type cyclins,
does not strictly depend upon mitogens and can thus be de-
tected in quiescent cells. Upon CDK4/6 translation, they are
recruited into high-molecular-weight, cytoplasmic, Hsp90-con-
taining complexes via CDC37 (32, 50). Hsp90 and CDC37
serve to stabilize CDK4 via their capacity to direct proper
CDK4 folding. Upon proper folding, CDK4 is released from
this cytoplasmic complex and is competent for assembly with a

D-type cyclin or is shunted into dead-end inhibitor complexes
with a member of the Ink4 family of CDK inhibitors (40).

Although CDK4 is present in quiescent cells, it does not
assemble with D-type cyclins even in the presence of nonlim-
iting, ectopically expressed cyclin, suggesting the existence of a
mitogen-regulated “assembly factor” that serves to bring cyclin
D1 and CDK4 together (10, 26). Recent evidence suggests that
members of the Cip/Kip family may serve as this elusive as-
sembly factor. Both p21Cip1 and p27Kip1 can promote assembly
of cyclin D/CDK4 complexes in vitro (28) and are components
of the active cyclin D holoenzyme in vivo (28). Additional
support comes from experiments demonstrating that cells de-
ficient for Cip/Kip proteins do not assemble cyclin D/CDK
complexes (9, 37). These results suggest that the minimal com-
plexity of the cyclin D holoenzyme would be a ternary complex
composed of a D-type cyclin, CDK4 (CDK6), and p21Cip1 (or
p27Kip1). The predicted molecular mass of this complex, ap-
proximately 90 to 100 kDa, is smaller than the size described
for the cyclin D holoenzyme in vivo. Several groups have char-
acterized the active cyclin D holoenzyme as a complex with a
molecular mass ranging from 150 to 200 kDa (32, 34, 40). At
face value, these results indicate that there is at least one more
unidentified component in the cyclin D holoenzyme.

In order to identify critical regulatory components of the
active cyclin D/CDK4 holoenzyme, we purified cyclin D1 com-
plexes from proliferating mammalian cells. Here we report the
identification of Hsc70 as a novel cyclin D1 binding protein.
We demonstrate that Hsc70 is present in high-molecular-
weight complexes containing newly synthesized cyclin D1 and
is a component of an active 158-kDa cyclin D1/CDK4 holoen-
zyme. We provide evidence that Hsc70 functions in the matu-

* Corresponding author. Mailing address: The Leonard and Madlyn
Abramson Family Cancer Research Institute, Department of Cancer
Biology, Abramson Cancer Center at UPenn, 421 Curie Blvd., Phila-
delphia, PA 19104. Phone: (215) 746-6389. Fax: (215) 746-5511. E-
mail: adiehl@mail.med.upenn.edu.

1764



ration of cyclin D1, thereby facilitating the assembly of an
active cyclin D1/CDK4 holoenzyme.

MATERIALS AND METHODS

Cell culture conditions and transfections. NIH 3T3 cells were maintained in
Dulbecco’s modified Eagle’s medium containing glutamine and supplemented
with antibiotics (Cellgro) and 10% fetal calf serum (BioWhittaker). Insect Sf9
cells were grown in Grace’s medium supplemented with 10% heat-inactivated
fetal calf serum. Baculoviruses encoding Flag-D1, CDK4, and p21Cip1 were
described previously (5, 16). Standard protocols for baculovirus manipulation
were followed (51). Derivatives of NIH 3T3 cells engineered to overexpress
Flag-tagged cyclin D1 and Flag-D1-T286A were described previously (14).

The Hsc70 cDNA was subcloned into pcDNA3 (Invitrogen) for expression in
mammalian cells or pVL1393 for production of baculovirus (Pharmingen). Tran-
sient expression in NIH 3T3 cells was achieved by transfection of the indicated
expression plasmids with Lipofectamine Plus (Invitrogen) according to the man-
ufacturer’s instructions.

Affinity purification and analysis. Protein complexes were purified from
whole-cell extracts prepared in Tween 20 buffer (50 mM HEPES [pH 7.5], 150
mM NaCl, 10 mM MgCl2, 1 mM EDTA, 0.1% Tween 20, 1 mM phenylmethyl-
sulfonyl fluoride, 20 U of aprotinin per ml, 5 �g of leupeptin per ml, 0.4 mM
NaVO4, and 0.4 mM NaF) with M2-agarose (Sigma). Following extensive washes
with Tween 20 buffer, complexes were eluted with excess Flag peptide or with 0.1
M glycine, pH 3.5. Purified complexes were digested with trypsin and directly
analyzed by tandem mass spectroscopy or resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) prior to preparation for tan-
dem mass spectroscopy analysis. Where indicated, affinity-purified complexes
were loaded directly onto a Superdex 200 HR 10/30 column and fractionated
with the Biologic chromatography system (Bio-Rad) prior to analysis. Molecular
mass standards were as follows: thyroglobulin (670 kDa), gamma globulin (158
kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). The void volume of each
column was 9 ml, and fraction collection commenced at 10 ml.

Tandem mass spectroscopy analysis of the samples was performed by micro-
capillary electrospray liquid chromatography-tandem mass spectrometry. Briefly,
the protein gel bands, visualized by Coomassie brilliant blue, were digested with
sequencing grade trypsin (Roche) in situ, and the peptides were extracted as
described previously (47). The recovered peptides were fractionated on a 7.5-cm
(100 �m inner diameter) reverse-phase C18 capillary column attached inline to
a ThermoFinnigan LCQ-Deca ion trap mass spectrometer. The entire digested
sample was loaded as described previously (19), and the peptides were eluted by
ramping a linear gradient from 2 to 60% solvent B in 90 min. Solvent A consisted
of 5% acetonitrile, 0.5% acetic acid, and 0.02% heptafluorobutyric acid, and
solvent B consisted of 80:20 acetonitrile-water containing 0.5% acetic acid and
0.02% heptafluorobutyric acid. The flow rate at the tip of the needle was set to
300 nl/min by programming the high-pressure liquid chromatography (HPLC)
pump and use of a split line.

The mass spectrometer cycled through four scans as the gradient progressed.
The first was a full mass scan, followed by three tandem mass scans of the
successive three most intense ions. A dynamic exclusion list was used to limit
collection of tandem mass spectra for peptides that eluted over a long period of
time. All tandem mass spectra were searched with the SEQUEST computer
algorithm against the National Center for Biotechnology Information nonredun-
dant protein database (June 2000). Each high-scoring peptide sequence was
manually compared with the corresponding tandem mass spectrum to ensure
that the match was correct.

Immunoblotting, immunoprecipitation, and protein kinase assays. For detec-
tion of cyclin D1 complexes, cellular lysates prepared in Tween 20 buffer were
resolved on denaturing polyacrylamide gels, transferred to nitrocellulose mem-
branes (Millipore), and blotted with antibodies specific for total cyclin D1 (D1-
17-13G), CDK4 (Santa Cruz), Hsc70 (StressGen), or p21Cip1 (Santa Cruz) or the
9E10 antibody directed against Myc-tagged cyclin E. Sites of antibody binding
were visualized with protein A-conjugated horseradish peroxidase (EY Labora-
tories). For detection of cyclin D1-dependent kinase activity, cells were harvested
in Tween 20 immunoprecipitation buffer, and following precipitation with the
cyclin D1 monoclonal antibody, protein kinase assays with 1 �g of recombinant
glutathione S-transferase (GST)–retinoblastoma protein (Rb) were performed
as previously described (43).

For immunoprecipitation analysis of associated proteins, protein complexes
were precipitated from either affinity-purified fractions or total cellular lysates
prepared in Tween 20 buffer as described above. Immune complexes with the
indicated antibodies were collected with protein A-Sepharose. Precipitated pro-

teins were resolved by SDS-PAGE, detected by immunoblot analysis, and visu-
alized by enhanced chemiluminescence (New England Nuclear).

Immunofluorescence. NIH 3T3 cells seeded on glass coverslips were trans-
fected with expression vectors encoding the indicated DNAs. Cells were fixed
48 h following transfection with methanol-acetone (1:1). For visualization of
cyclin D1- and bromodeoxyuridine-positive cells, coverslips were first stained
with the Flag-specific M2 monoclonal antibody (Sigma). Secondary antibody
staining was performed for 30 min with biotinylated anti-mouse immunoglobulin
followed by streptavidin-conjugated Texas Red (Vector Laboratories). Following
a brief treatment with 1.4 N HCl, coverslips were incubated with antibromode-
oxyuridine antibodies (Research Diagnostics Inc.) and fluorescein isothiocya-
nate-conjugated anti-sheep immunoglobulin antibodies (Vector). In all cases,
DNA was visualized with Hoechst 33258 dye at a 1:500 dilution. Coverslips were
mounted on glass slides with Vectashield mounting medium (Vector).

RESULTS

Identification of Hsc70 as a cyclin D1 binding protein. To
identify proteins that physically associate with cyclin D1 in
vivo, we set out to immunopurify cyclin D1 complexes from
proliferating mouse fibroblasts. To circumvent difficulties as-
sociated with purification of low-abundance proteins, we
wished to use NIH 3T3 fibroblasts which overexpress either
epitope-tagged cyclin D1 (D1-3T3) or a stable, constitutively
nuclear cyclin D1 mutant, cyclin D1-T286A (D1-T286A) (14).
These cells have been characterized previously (14), and they
overexpress Flag-D1 by approximately 10-fold (4). Enrichment
of endogenous cyclin D1 was observed in nuclear, catalytically
active 150- to 200-kDa complexes (34, 40). Thus, prior to
purification of cyclin D1 complexes from these cells, we first
confirmed that epitope-tagged cyclin molecules were incorpo-
rated into the active 150- to 200-kDa complexes.

Lysates prepared from D1-3T3 (Fig. 1) or D1-T286A-3T3
(data not shown) were loaded onto a Superdex 200 gel filtra-
tion column. Fractions were collected beginning at the void
volume, and samples from each fraction were subjected to
Western blot analysis with either cyclin D1- or CDK4-specific
antibodies. We chose to use the cyclin D1 antibody rather than
the M2 antibody due to its increased sensitivity for Western
analysis and because Flag-D1 migrates with an altered mobility
relative to endogenous cyclin D1, thereby allowing us to dis-
tinguish between ectopic and endogenous proteins (16). While
a peak of Flag-D1 eluted between 150 and 200 kDa (Fig. 1A,
lanes 5 to 7), it could also be readily detected in high-molec-
ular-weight fractions (Fig. 1A, lanes 1 to 4). Endogenous cyclin
D1 is not apparent at this exposure. CDK4 was present in most
fractions coincident with a molecular mass ranging from 600
kDa to 100 kDa (Fig. 1A, lower panel). As reported previously,
very little CDK4 was present in complexes, consistent with a
molecular mass of a heterodimer of either CDK4-cyclin D1 or
CDK4-INK (50 to 70 kDa) (40). Similar results were observed
with D1-T286A (data not shown).

To determine if fractions eluting with a molecular mass of
150 to 200 kDa contained catalytically active cyclin D1/CDK4
complexes, these were subjected to precipitation with a cyclin
D1-specific antibody and either assayed for their capacity to
phosphorylate recombinant retinoblastoma protein (pRb) in
vitro or subjected to immunoblot analysis for associated
CDK4. Catalytically active cyclin D1/CDK4 complexes were
only detected in fractions that eluted between 150 and 200 kDa
(Fig. 1B, lanes 2 to 4, corresponding to lanes 5 to 7 of Fig. 1A).
Although cyclin D1 was present in higher-molecular-weight
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fractions, there was no detectable association of cyclin D1 with
CDK4 in these fractions (Fig. 1B, lane 1; data not shown), nor
was the cyclin D1 in these fractions catalytically active.

To identify cyclin D1-associated proteins, Flag-tagged cyclin
D1-T286A (Fig. 1C) was immunoaffinity purified on M2-aga-
rose beads from whole-cell extracts under conditions that pre-
served the catalytically active cyclin D1 holoenzyme (33). Cy-
clin D1 and cyclin D1-copurifying proteins were resolved on a
denaturing polyacrylamide gel and visualized by silver staining
(Fig. 1C). Several proteins copurified with cyclin D1 but were
absent in a control purification from parental NIH 3T3 cells
(Fig. 1C). A similar pattern of associated proteins was ob-
served when wild-type Flag-D1 was purified (data not shown).

Bands were excised, digested with trypsin, and subjected to
microcapillary electrospray liquid chromatography-tandem
mass spectrometry (17). As expected, mass spectra revealed
the presence of CDK4 and p21Cip1 as prominent copurifying
proteins (Fig. 1C). Here we describe the identification of the
70-kDa protein that copurifies with a stoichiometry approach-
ing that of CDK4 and p21Cip1 (other copurifying proteins will
be described elsewhere). Good mass spectra were obtained for
two tryptic peptides that were identical with the published
sequence of murine Hsc70. While the sequence of peptide 2
(inset, Fig. 1C) is found in both Hsp70 (heat shock-inducible
protein 70) and Hsc70 (heat shock cognate or constitutive
protein 70), peptide 1 is specific for Hsc70, suggesting that this
protein is Hsc70 rather than Hsp70.

Growth factor-dependent regulation of cyclin D1-Hsc70 as-

sociation. We next assessed binding of Hsc70 to cyclin D1 and
determined if binding is mitogen dependent. NIH 3T3 cells
arrested in G0 by serum deprivation for 36 h were stimulated
to reenter the cell cycle by addition of serum-derived growth
factors and harvested at various intervals thereafter. Lysates
were prepared from these cells and, following precipitation
with a cyclin D1-specific antibody, were resolved on a dena-
turing polyacrylamide gel. Growth factor-dependent cyclin D1
induction was detectable by 3 h and increased through 12 h,
which corresponds to the G1/S boundary, as determined by
pulse-labeling with bromodeoxyuridine (data not shown) (42).
Coprecipitating Hsc70 was detectable by 9 h and increased
through 12 h (Fig. 2A, top panel). CDK4 binding to cyclin D1
was also detectable by 9 h (data not shown).

While these data suggest that Hsc70-cyclin D1 interactions
might be regulated by mitogens, we could not rule out that this
increased association during cell cycle reentry reflected in-
creased synthesis of cyclin D1 or Hsc70 during this interval.
Therefore, we assessed cyclin D1-Hsc70 binding in cells (D1-
3T3) that constitutively overexpress cyclin D1 independently of
mitogens. D1-3T3 cells were rendered quiescent by serum de-
privation for 36 h and stimulated to reenter the cell cycle with
serum-derived growth factors. Flag-D1 was precipitated from
cell lysates prepared at various intervals following serum stim-
ulation. Levels of cyclin D1 and cyclin D1-associated Hsc70
were determined by subsequent immunoblot analysis.

A modest increase in Flag-D1 was detectable during this
time course (Fig. 2B, bottom panel). As ectopic cyclin D1

FIG. 1. Hsc70 copurifies with cyclin D1. (A) Lysates were fractionated by gel filtration chromatography, and 5% of each fraction was resolved
by SDS-PAGE; elution of cyclin D1 (top panel) and CDK4 (bottom panel) was visualized by immunoblot analysis. The positions of eluting
molecular weight standards are indicated at the top. (B) Fractions corresponding to lanes 4 to 8 in panel A were immunoprecipitated (IP) with
a monoclonal antibody specific for cyclin D1 and either blotted for associated CDK4 (top) or assayed for their ability to phosphorylate recombinant
GST-Rb (bottom). (C) Detection of cyclin D1 and cyclin D1-associated proteins by silver stain. Lane 1 contains molecular weight markers (sizes
shown in kilodaltons), lane 2 contains proteins that nonspecifically bind to M2 beads from control NIH 3T3 lysates, and lane 3 contains cyclin D1
complexes isolated from FlagD1-T286A-3T3 lysates (an essentially identical pattern was recovered from Flag-D1-3T3 cells; data not shown).
Proteins were eluted with excess Flag peptide. Positions of Flag-D1, CDK4, and p21Cip1 are indicated to the right, as is the position of Hsc70, along
with peptides identified by mass spectrometry.
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expression is not mitogen dependent, this increase likely re-
sults from decreased cyclin proteolysis during G1 phase (see
Fig. 4) (14). While cyclin D1 is expressed at high levels in
quiescent D1-3T3 cells, no Hsc70 binding was detectable in
arrested cells (Fig. 2B, top panel, lane 2). Binding of Hsc70 to
cyclin D1 increased coincident with serum-derived mitogens
and continued to increase as cells progressed through G1 phase
(Fig. 2B, lanes 3 to 6). We failed to detect Hsp90 in any cyclin
D1 precipitates, consistent with previous work demonstrating
that this chaperone interacts primarily with CDK4 prior to its
assembly with cyclin D1 (50). Hsc70 protein levels remained
constant throughout the course of this experiment (Fig. 2C),
demonstrating that the lack of Hsc70 binding does not reflect
the absence of Hsc70 protein in quiescent cells.

If cyclin D1 and Hsc70 associate in a growth factor-depen-
dent fashion, removal of serum should result in dissociation of
this complex. To test this hypothesis, whole-cell lysates were
prepared from asynchronously proliferating D1-3T3 cells or
from D1-3T3 cells that had been cultured in medium contain-
ing 0.1% fetal calf serum for 0.5, 1, or 2 h. Cyclin D1 complexes
were collected with the M2 monoclonal antibody, and levels of
cyclin D1 and D1-associated Hsc70 were assessed by immuno-
blotting. As shown above, high levels of cyclin D1-associated
Hsc70 were apparent in proliferating cells (Fig. 2D, lane 2).
However, a significant decrease in coprecipitating Hsc70 was
apparent 30 min following serum removal (Fig. 2D, lane 3),
and by 2 h little or no coprecipitating Hsc70 was detected (Fig.
2D, lane 5). While levels of cyclin D1 also decreased during
serum starvation due to increased protein degradation, loss of
Hsc70 binding occurred prior to loss of cyclin D1 (Fig. 2D,

compare upper and lower panels, lane 3). These results dem-
onstrate that Hsc70 binds to cyclin D1 in vivo and that asso-
ciation is growth factor dependent.

Hsc70 is present in high-molecular-weight complexes and
the active 158- to 200-kDa cyclin D1 complex. To determine
the approximate size of the cyclin D1-Hsc70 complexes,
Flag-D1 was purified by M2 affinity chromatography and sub-
sequently resolved by gel filtration chromatography. Fractions
collected following gel filtration were analyzed for cyclin D1,
Hsc70, p21Cip1, and CDK4. While cyclin D1 was enriched in
complexes of 158 to 200 kDa (Fig. 3A, lanes 4 to 5), D1 was
also detected in complexes with a mass of 400 to 600 kDa (lane
1). As noted previously, p21Cip1 and CDK4 were associated
with cyclin D1 in complexes within the 158- to 200-kDa range
(Fig. 3A, lanes 4 to 6). Strikingly, while a majority of Hsc70 was
associated with cyclin D1 in the larger complexes (Fig. 3A,
lanes 1 to 3), Hsc70 was also associated with cyclin D1 in
complexes with an apparent mass of 158 to 200 kDa (Fig. 3A,
lanes 4 to 6).

Because chaperones regulate folding of newly synthesized
protein, we considered the possibility that high-molecular-
weight cyclin D1-Hsc70 complexes (�400 kDa) might repre-
sent newly synthesized cyclin D1 associated with Hsc70. The
absence of cyclin D1-associated CDK4 in these fractions (Fig.
3A, lanes 1 to 3) is consistent with this notion. To address this,
we either pulse-labeled NIH 3T3 cells with [35S]methionine for
15 min or pulsed for 15 min and chased with excess unlabeled
methionine for 10 min. Lysates were prepared from these cells,
complexes were resolved by gel filtration chromatography, and
cyclin D1 was isolated by immunoprecipitation.

FIG. 2. Mitogen-dependent regulation of cyclin D1-Hsc70 binding. (A) Wild-type NIH 3T3 cells were used as an asynchronous culture (asyn)
or synchronized by serum deprivation for 36 h and stimulated to reenter the cell cycle by addition of 10% fetal calf serum. Cell lysates were
prepared at the indicated intervals (bottom) and immunoprecipitated (IP) with normal rabbit serum (NRS) or a cyclin D1-specific monoclonal
antibody (D1). Precipitated proteins were then subjected to immunoblot analysis with antibodies specific for Hsc70 (top) or cyclin D1 (bottom).
(B) D1-3T3 cells were synchronized as in panel A. Cell lysates were prepared at the indicated intervals (bottom) and precipitated with normal
rabbit serum (NRS) or the M2 monoclonal antibody and subjected to immunoblot analysis with antibodies specific for Hsc70 (top panel) or cyclin
D1 (bottom panel). (C) Cell lysates prepared as for panel A were subjected to direct Western analysis with an Hsc70-specific antibody.
(D) Whole-cell lysates prepared from asynchronous D1-3T3 cells or D1-3T3 cells cultured in medium containing 0.1% fetal calf serum for the
indicated intervals were precipitated with normal rabbit antiserum (NRS) or with the M2 monoclonal antibody. Precipitates were immunoblotted
with either Hsc70 (top panel) or cyclin D1 (lower panel) antibodies. The arrow indicates the point at which cells were placed in medium containing
0.1% serum.
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In cells pulse-labeled for 15 min with no chase period, a
majority of newly synthesized cyclin D1 was present in large
complexes of �600 kDa (Fig. 3E, lanes 1 to 2), with none
detectable in the 158-kDa fraction (Fig. 3E, lanes 4 to 6). In
contrast, following a 10-min chase with unlabeled methionine,
radiolabeled cyclin D1 could be detected in fractions that cor-
responded to a molecular mass of 158 to 200 kDa (Fig. 3D,
lanes 10 to 12). These data indicate that the large (�600-kDa)
cyclin D1-Hsc70 complexes represent newly synthesized cyclin
D1 and imply that Hsc70 functions in the regulation of newly
translated cyclin D1.

The above data suggest that Hsc70 associates with newly
synthesized cyclin D1 in the absence of CDK4 in proliferating
cells. The presence of Hsc70 in 158- to 200-kDa complexes
(Fig. 3A, lanes 4 to 6) indicates that Hsc70 remains bound to
cyclin D1 following its assembly with CDK4 and is a compo-
nent of a quaternary complex composed of D1, CDK4, p21Cip1,
and Hsc70.

To determine if p21Cip1, cyclin D1, and Hsc70 are indeed
present in the same complex, affinity-purified cyclin D1 that
fractionated at 158 kDa was reprecipitated with a p21Cip1-
specific antiserum and subsequently immunoblotted with ei-
ther the Hsc70-specific monoclonal antibody or a cyclin D1-
specific antibody. Both cyclin D1 and Hsc70 were detected in
the p21Cip1 precipitate (Fig. 3B, lane 2). Precipitation of the
158-kDa fraction with the Hsc70 antibody revealed the pres-
ence of CDK4 (Fig. 3C).

The data above strongly supported the existence of a tetrameric
D1-CDK4-Hsc70-p21Cip1 complex. To provide conclusive sup-

port for the existence of this complex, we subjected the fraction
corresponding to the affinity-purified 158-kDa cyclin D1 complex
(lane 5 of Fig. 3A) to immunodepletion with the Hsc70 mono-
clonal antibody or with a control antibody. Immunoblot analysis
of the depleted extracts revealed that removal of Hsc70 resulted
in a corresponding depletion of cyclin D1, CDK4, and p21Cip1

(Fig. 3D, lane 2, upper, middle, and lower panels, respectively).
Mock depletion failed to remove cyclin D1, CDK4, or p21Cip1

(lane 1). These data demonstrate that while Hsc70 associates
with cyclin D1 in high-molecular-weight complexes devoid of
CDK4 and p21Cip1, it remains associated with the catalytically
active 158-kDa cyclin D1-CDK4-p21Cip1 complex.

Stabilization of cyclin D1 by Hsc70. The above results dem-
onstrate that Hsc70 is present in both high-molecular-weight
complexes (�400 kDa) and the active 158- to 200-kDa holoen-
zyme. CDK4 also cofractionates in high-molecular-weight
complexes containing the Hsp90-CDC37 chaperone complex
that regulates CDK4 folding and stabilization (32, 50). Cyclin
E maturation is also regulated by a chaperonin complex, the
chaperone containing t-complex (CCT), wherein cyclin E is
first cycled through high-molecular-weight complexes contain-
ing CCT prior to its association with CDK2 (55). We thus
considered whether Hsc70 might regulate maturation of cyclin
D1 and thereby determine cyclin D1 protein stability, as was
demonstrated for CDK4-chaperone and cyclin E-chaperonin
complexes. If Hsc70 regulates cyclin D1 maturation, we rea-
soned that expression of Hsc70 would promote increased cy-
clin D1 protein levels and increased binding to its catalytic
partner CDK4.

FIG. 3. Cyclin D1 and Hsc70 are components of multiple complexes. (A) Affinity-purified cyclin D1 complexes were resolved by gel filtration.
Ten percent of each fraction was subjected to immunoblot analysis with antibodies specific for Hsc70 (top panel), cyclin D1 (second panel), CDK4
(bottom panel), or p21Cip1 (bottom panel). (B and C) The fraction corresponding to lane 5 in panel A was precipitated with a p21-specific
antiserum (B) or an Hsc70 monoclonal antibody (C). Associated proteins were monitored by immunoblot analysis with antibodies specific for the
proteins indicated to the left of each panel. (D) The fraction corresponding to lane 5 of part A (158 kDa) was subjected to two rounds of
immunodepletion with either normal rabbit antiserum (mock) or the Hsc70-specific monoclonal antibody. Codepletion of cyclin D1 (top panel),
CDK4 (middle panel), and p21Cip1 (lower panel) was monitored by immunoblot analysis with the respective antibodies. (E) Asynchronous NIH
3T3 cells were pulse-labeled with [35S]methionine for 15 min (lanes 1 to 6) or pulse-labeled and subsequently chased for 10 min with excess
unlabeled methionine for 10 min (lanes 7 to 12). Lysates prepared from these cells were resolved by gel filtration chromatography, and cyclin D1
was precipitated from fractions ranging from 670 kDa to 100 kDa (indicated at the top). Proteins were then analyzed by SDS-PAGE, and cyclin
D1 was visualized by autoradiography.
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Cyclin D1 and CDK4 were transiently overexpressed in NIH
3T3 cells with or without Hsc70. Direct immunoblot analysis
with a cyclin D1 antibody revealed a significant increase in
cyclin D1 in cells cotransfected with Hsc70 (Fig. 4A, top pan-
el). In contrast, levels of CDK4 (Fig. 4A, bottom panel) or
Myc-tagged cyclin E (Fig. 4A, bottom panel) were not affected
by expression of Hsc70, demonstrating the specificity of the
targeted interaction. Additionally, increased levels of CDK4
were detected in cyclin D1 precipitates (Fig. 4B, lane 2 to 3),
consistent with Hsc70-dependent promotion of cyclin D1 mat-
uration. The binding and release cycle of Hsc70 with folding
intermediates is dependent upon Hsc70 ATPase activity (8).
This activity can be inhibited by mutation of lysine 71 (39). To
determine if Hsc70 “chaperone” activity is required for cyclin
D1 stabilization, we transfected NIH 3T3 cells with plasmids
encoding Hsc70K71E along with cyclin D1 and CDK4. Direct
immunoblot analysis with a cyclin D1 antibody revealed no
increase in cyclin D1 levels in cells cotransfected with
Hsc70K71E (Fig. 4C).

Previous work demonstrated a role for Cip/Kip proteins in
cyclin D1 stabilization via regulation of cyclin nuclear export (5,
20). To determine whether increased cyclin D1 levels detected in
cells overexpressing Hsc70 were dependent upon Cip/Kip, we

tested the ability of Hsc70 to promote increased levels of cyclin
D1 in p21/p27 double null (p21/p27�/�) murine embryonic fi-
broblasts (MEFs). Cyclin D1 was transiently overexpressed in
p21/p27�/� MEFs with or without wild-type Hsc70. Immuno-
blot analysis revealed a significant elevation in cyclin D1 levels
in p21/p27�/� MEFs overexpressing Hsc70 (Fig. 4D).

These data suggest that in the absence of ectopic Hsc70,
overexpressed cyclin D1 could not be properly folded and
incorporated into CDK4 complexes and was likely shunted off
for proteolysis. To test this, we measured cyclin D1 turnover in
the absence and presence of ectopic Hsc70. We utilized the
protein synthesis inhibitor cycloheximide (50 �g/ml) to block
new protein synthesis and monitored the rate of cyclin D1
decay by direct Western blot analysis with a cyclin D1 mono-
clonal antibody. Cycloheximide was added to asynchronously
proliferating NIH 3T3 cells transfected with vectors encoding
either cyclin D1 and CDK4 or cyclin D1, CDK4, and Hsc70,
and cells were harvested at the indicated intervals. By 20 min,
greater than 50% of cyclin D1 had been degraded in the
absence of ectopic Hsc70 (Fig. 4F). In the presence of ectopic
Hsc70, greater than 50% of cyclin D1 still remained at 40 min
(Fig. 4E). These results demonstrate that Hsc70 can stabilize
cyclin D1.

FIG. 4. Hsc70 decreases cyclin D1 proteolysis. (A) NIH 3T3 cells were cotransfected with (lane 2) or without (lane 1) a vector encoding Hsc70
along with vectors encoding either cyclin D1 and CDK4 (top and bottom panels), cyclin D1-T286A and CDK4 (second panel), or Myc-tagged cyclin
E and CDK2 (bottom panel). Levels of the indicated proteins were determined by direct Western blot analysis of total cell lysates prepared from
cells transfected with the indicated vectors. (B) Whole-cell extracts were prepared from NIH 3T3 cells cotransfected with either Flag-D1 and CDK4
(lanes 1 and 2) or Flag-D1, CDK4, and Hsc70 and precipitated with either normal rabbit serum (lane 1) or the M2 monoclonal antibody (lanes
2 and 3). Cyclin D1 and coprecipitating CDK4 were detected by immunoblot analysis with antigen-specific antibodies. (C) NIH 3T3 cells were
cotransfected with a plasmid encoding cyclin D1 with (lane 2) or without (lane 1) a vector encoding Hsc70K71E. Levels of cyclin D1 were
monitored by immunoblot analysis. (D) p21/p27�/� MEFs were transfected with a plasmid encoding cyclin D1 without (lane 1) or with (lane 2)
a plasmid encoding Hsc70. Levels of cyclin D1 were monitored by immunoblot analysis. (E and F) NIH 3T3 cells transfected with vectors encoding
either Flag-D1 and CDK4 or Flag-D1, CDK4, and Hsc70 were treated with 50 �g of cycloheximide per ml, and lysates prepared from these cells
at the intervals indicated at the bottom of each panel were subjected to immunoblot analysis for cyclin D1. The percentage of cyclin D1 remaining
at each time point is indicated at the bottom of each lane.
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We have previously shown that proteolysis of mature cyclin
D1 depends on phosphorylation of threonine 286 (16). This
residue is targeted by the protein kinase glycogen synthase
kinase 3�, preferentially in the context of a cyclin D1/CDK4
complex (14). We reasoned that if increased cyclin D1 turnover
in the absence of Hsc70 resulted from improper folding, phos-
phorylation would not be required for proteolysis and would
thus occur independently of Thr-286 phosphorylation. Consis-
tent with this hypothesis, coexpression of Hsc70 effectively
promoted increased stabilization of the nonphosphorylatable
D1-T286A mutant (Fig. 4A, second panel). In addition, immu-
noblotting with a phospho-Thr-286-specific antibody revealed
that overexpression of Hsc70 did not affect turnover of phos-
phorylated cyclin D1 (data not shown). These data demon-
strate that overexpression Hsc70 stabilizes cyclin D1, likely
through the promotion of cyclin D1 protein maturation.

Reconstitution of a 158-kDa cyclin D1 holoenzyme with
Hsc70. Active cyclin D complexes can be reconstituted in in-
sect Sf9 cells by coinfection with only a D-type cyclin and
CDK4 (7, 33). These complexes have an apparent size of 70
kDa (7), approximately 100 kDa smaller than that of the native
cyclin D1 holoenzyme. Both p21Cip1 and p27Kip1 have been
identified as components of the active 150- to 200-kDa cyclin
D/CDK complex (7, 9, 28, 49). However, a ternary complex
composed of cyclin D1, CDK4, and p21 (p27) is predicted to
elute with a mass of approximately 100 kDa, smaller than that
of the native cyclin D1 holoenzyme. Copurification of Hsc70
with the 158-kDa cyclin D1 complex suggested that Hsc70
might represent the missing 50 to 80 kDa. Therefore, we de-

termined if coexpression of Hsc70 along with cyclin D1, CDK4,
and p21Cip1 is sufficient to reconstitute a 158-kDa cyclin D1
complex.

Lysates prepared from Sf9 cells infected with cyclin D1,
CDK4, and p21Cip1 with and without Hsc70 were resolved by
gel filtration chromatography. Fractions were subjected to im-
munoblot analysis with either an Hsc70 antibody or a cyclin D1
monoclonal antibody. In the absence of ectopic Hsc70, cyclin
D1 complexes ranged from 70 to 130 kDa (Fig. 5A, lanes 10 to
11), consistent with a ternary complex composed of cyclin D1
(36 kDa), CDK4 (34 kDa), and p21Cip1(21 kDa). In the pres-
ence of ectopic Hsc70, a subset of cyclin D1 complexes eluted
at 158 kDa (Fig. 5A, lane 3), consistent with the formation of
a D1-CDK4-p21-Hsc70 quaternary complex. Immunoblot
analysis confirmed the presence of Hsc70 in the 158-kDa frac-
tion with cyclin D1 (Fig. 5A, top panel, lane 3). In addition,
Hsc70 was found to coprecipitate with cyclin D1 from fractions
corresponding to 158 kDa (Fig. 5B).

Given the presence of Hsc70 in the active cyclin D1/CDK4/
p21 complex, we also considered whether Hsc70-dependent
folding of cyclin D1 might be critical for assembly of cyclin D1
with CDK4. Insect Sf9 cells make an ideal system to explore
the regulation of cyclin D1/CDK4 assembly. Sf9 cells express
the necessary machinery to support production of an active
cyclin D1/CDK4 kinase but assembly remains inefficient, sug-
gesting that under conditions of chronic cyclin D1-CDK4 over-
expression, there are rate-limiting components (Fig. 5C) (50).
Expression of Hsc70 alone did not promote a reproducible
increase in cyclin D1-CDK4 association (Fig. 5C, lanes 1 to 2),

FIG. 5. Reconstitution of a 158-kDa cyclin-CDK complex. (A) Sf9 insect cells were infected with baculoviruses encoding cyclin D1, CDK4, and
p21Cip1 with (lanes 1 to 6) or without (lanes 7 to 12) Hsc70. Lysates prepared from these cells were resolved by gel filtration chromatography and
subjected to immunoblot analysis for Hsc70 (top panel) or cyclin D1 (bottom panel). The elution positions of molecular weight standards are
indicated at the top of each panel. (B) Fractions corresponding to lanes 3 and 4 of part A were precipitated with the cyclin D1 monoclonal antibody.
Coprecipitation of Hsc70 was monitored by immunoblotting with the Hsc70 monoclonal antibody. (C) Lysates prepared from Sf9 insect cells
infected with baculoviruses encoding either cyclin D1 and CDK4 (lane 1), cyclin D1, CDK4, and Hsc70 (lane 2), cyclin D1, CDK4, and p21Cip1

(lane 3), or all four (lane 4) and metabolically labeled with [35S]methionine were precipitated with the cyclin D1 monoclonal antibody. Positions
of Hsc70, cyclin D1, CDK4, and p21Cip1 are indicated to the left of the panel and were verified independently by immunoprecipitation with
antigen-specific antibodies (data not shown). Labeled proteins were visualized by autoradiography.
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while expression of p21Cip1 resulted in a significant increase in
cyclin-CDK binding (Fig. 5C, compare lanes 2 and 3). Expres-
sion of p21Cip1 did not affect Hsc70-cyclin association (Fig. 5C,
compare lanes 2 and 4). Thus, while p21Cip1 may be necessary
for highly efficient cyclin D1/CDK4 assembly, cyclin D1-Hsc70
interactions occur independently of p21Cip1. These data sug-
gest that Hsc70 is not an assembly factor for the cyclin D1/
CDK4 holoenzyme.

While p21Cip1 is required for cyclin D1/CDK4 assembly, it is
also an effective inhibitor of cyclin D1-dependent cell cycle
progression when ectopically expressed at high levels (15, 21).
One explanation for this observed cell cycle inhibition is that
under conditions of transient transfection of only cyclin D1-
CDK4-p21Cip1, Hsc70 becomes a limiting component. The
ability of ectopic Hsc70 to promote stabilization of transiently
overexpressed cyclin D1 is consistent with this notion. We
therefore considered the possibility that ectopic Hsc70 might
compensate for p21Cip1 overexpression via increasing cyclin D1
stability and thereby promote the formation of catalytically
active cyclin D1 holoenzyme.

To address this notion NIH 3T3 cells were transiently trans-
fected with vectors encoding cyclin D1 and CDK4, cyclin D1,
CDK4, and p21Cip1, or cyclin D1, CDK4, p21Cip1, and Hsc70.
Twenty-four hours posttransfection, cells were labeled with
bromodeoxyuridine for an additional 20 h and subsequently
fixed and stained with antibodies specific for ectopic cyclin D1
(M2 monoclonal, specific for an N-terminal Flag epitope tag;
red) and bromodeoxyuridine (green). A majority of cells ex-
pressing only cyclin D1 and CDK4 were bromodeoxyuridine

positive (Fig. 6A, panels a and d; quantitation in Fig. 6B).
Cotransfection of an equivalent concentration of vector encod-
ing p21Cip1 resulted in a dramatic reduction in cells that
stained positively for both cyclin D1 and bromodeoxyuridine
(Fig. 6A, panels b and e; Fig. 6B), consistent with p21Cip1-
dependent cell cycle arrest. Cotransfection of Hsc70 was suf-
ficient to restore cell cycle progression in the presence of
ectopic p21Cip1 (Fig. 6A, panels c and f; Fig. 6B). The failure
of cells cotransfected with both Hsc70 and p21Cip1 to undergo
cell cycle arrest was not due to reduced p21Cip1 expression in
these cells (Fig. 6C, lanes 2 to 3). These data demonstrate that
Hsc70 association with cyclin D1/CDK4 complexes attenuates
the inhibitory activity of p21Cip1 without compromising the
ability of p21Cip1 to promote cyclin D1/CDK4 assembly.

DISCUSSION

Identification of Hsc70 as a cyclin D1 binding protein in
vivo. The cyclin D1-dependent kinase is a critical mediator of
G1 phase progression, deregulation of which contributes to a
variety of cancers in both mouse model systems and humans
(13, 45). As such, characterization of cyclin D1 and cyclin D1
complexes in vivo is critical for elucidation of its growth-reg-
ulatory functions. The D-type cyclins, and cyclin D1 in partic-
ular, can bind to a variety of proteins, including those involved
in cell cycle regulation, Rb, CDK4/6, and Cip/Kip family mem-
bers (46), DNA-binding transcription factors such as nuclear
hormone receptors (38, 41, 56), STAT family members (6),
v-Myb (18), the Myb-like protein DMP1 (24), and the DNA-

FIG. 6. Hsc70 maintains cyclin D1-dependent cell cycle progression in the presence of inhibitory levels of p21Cip1. (A) NIH 3T3 cells were
transfected with vectors encoding Flag-D1 and CDK4, Flag-D1, CDK4, and p21Cip1, or Flag-D1, CDK4, p21Cip1, and Hsc70; 24 h posttransfection,
cells were labeled with bromodeoxyuridine (BrdU) for 20 h. Cells were fixed and stained with monoclonal M2 antibody (red), bromodeoxyuridine
(green), and Hoechst dye (blue). (B) Quantitation of panel A, representing three independent experiments; error bars represent standard errors
between experiments. (C) Whole-cell lysates prepared from cells transfected as for panel A were resolved by SDS-PAGE, and levels of p21Cip1

were monitored by immunoblot analysis with a p21-specific antibody.
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modifying enzyme p300/CREB-binding protein-associated
protein (35). Many of these interactions have been docu-
mented by reconstitution and likely occur at substoichiometric
levels.

We purified cyclin D1 complexes under native conditions
that maintained the integrity of the cyclin D1-dependent ki-
nase. Visualization of the purified cyclin D1 complex by silver
staining revealed several polypeptides that specifically copuri-
fied with cyclin D1. Tandem mass spectroscopy analysis of the
70-kDa copurifying protein revealed two peptides that were
identical to murine Hsc70, the constitutively expressed mem-
ber of the Hsp70 family of chaperones (1). Immunoblot anal-
ysis with a monoclonal antibody that recognizes Hsc70 but not
other Hsp70 family members confirmed that Hsc70 does in-
deed associate with cyclin D1 and cyclin D1 complexes. Hsc70
copurified with cyclin D1 in both high-molecular-weight com-
plexes (�400 kDa) and fractions containing the active cyclin
D1/CDK4/p21Cip1 holoenzyme (150 to 200 kDa), suggesting
that it may perform multiple regulatory functions with regard
to cyclin D1.

Hsp70/Hsc70 chaperones localize to both nuclear and cyto-
solic compartments, where they regulate protein maturation
and function (1). In the cytosol, they bind newly synthesized
proteins and maintain them in a folding-competent conforma-
tion (1, 8). The Hsp70/Hsc70 family also regulates protein
degradation via associated cochaperones such as CHIP (36)
and controls the activity of certain nuclear DNA-binding tran-
scription factors (11, 22).

Considering the role of chaperones in the maturation of
other cell cycle proteins such as CDK4 and cyclin E along with
the documented role of protein degradation in the regulation
of cyclin D levels, Hsc70 function could either promote or
attenuate cyclin D1 protein accumulation. Consistent with the
former, we found that ectopic expression of Hsc70 reduces the
rate of cyclin D1 turnover, thereby increasing cyclin D1 steady-
state levels. Increased cyclin D1 levels coincided with its avail-
ability to associate with and activate its catalytic partner CDK4.
We also noted that Hsc70 could promote accumulation of
cyclin D2, suggesting that Hsc70 likely functions in the matu-
ration of all D-type cyclins (data not shown). In addition, an
Hsc70 mutant that lacks ATPase activity, Hsc70K71E, failed to
stabilize cyclin D1, demonstrating that Hsc70 chaperone func-
tion is required for cyclin D1 maturation.

The fact that a majority of copurifying Hsc70 is found in
high-molecular-weight fractions, where newly synthesized cy-
clin D1 is preferentially localized, suggests that Hsc70 initially
facilitates folding of monomeric cyclin D1 prior to its assembly
into complexes with CDK4. The necessity for coexpression of
Hsc70 along with cyclin D1 implies that Hsc70 becomes a
limiting factor when cyclin D1 is overexpressed. In turn, the
absence of sufficient Hsc70 results in improper D1 folding and
increased cyclin proteolysis. Similar conclusions were reached
in the examination of cyclin E maturation by the chaperonin
complex CCT (55). Newly synthesized cyclin E is found to
preferentially cofractionate in high-molecular-weight com-
plexes with CCT, and only after brief chase intervals is it found
in lower-molecular-weight fractions containing its catalytic
partner CDK2. Similar to the Hsc70-D1 relationship, CCT
functions to stabilize newly synthesized cyclin E, and thus, in its
absence cyclin E is rapidly degraded via the 26S proteasome.

Whether Hsc70 promotes protein maturation versus protein
triage may largely depend upon associated cochaperones such
as CHIP (11, 36) or Bag1 (31, 48, 52). Thus, it is possible that
Hsc70-dependent regulation of cyclin D1 depends upon an
associated cochaperone. Newly synthesized cyclin D1 is en-
riched in high-molecular-weight complexes with Hsc70. Asso-
ciated regulatory cochaperones could partially account for the
large size of these complexes. Alternatively, the relative mass
of these “folding” complexes may also reflect the capacity of
multiple Hsc70 molecules to bind to unfolded and extended
cyclin D1. Hsc70 regulates protein folding via stabilization of
unfolded polypeptides (1). It preferentially recognizes seven-
residue peptides containing a hydrophobic core (23, 44); such
motifs are predicted to occur approximately every 36 residues
(8). Based on this, the Hsc70-D1 ratio could approach 7:1,
resulting in a putative 530-kDa complex. Based on this, we
anticipate that the stoichiometry of Hsc70 to D1(newly synthe-
sized) would be greater than 1, and as cyclin D1 is folded,
Hsc70 will be released and the Hsc70-D1 ratio would approach
1:1.

The cyclin D1 holoenzyme has been characterized as a 158-
to 200-kDa entity that contains a D-type cyclin, CDK4, and a
Cip/Kip family member that acts to assemble the cyclin
D/CDK4 complex and maintain it in the nucleus (9, 28, 40).
The predicted size of such a complex is approximately 90 to
100 kDa, suggesting the existence of an additional component.
Our data suggest that a complex composed of cyclin D1,
CDK4, p21Cip1, and Hsc70 constitutes at least one of the active
158- to 200-kDa cyclin D1 complexes. While a majority of the
Hsc70 that copurifies with cyclin D1 fractionates in high-mo-
lecular-weight complexes, Hsc70 is also present in the 158-kDa
cyclin D1/CDK4/p21Cip1 complex (Fig. 3). This is in contrast to
CDK4-associated chaperone complexes, which do not stably
interact with cyclin-bound CDK4 (12, 29, 50).

If Hsc70 regulates proper folding of cyclin D1 prior to as-
sociation with CDK4, what is its role in the mature quaternary
complex? One possibility is that Hsc70 promotes mitogen-
dependent assembly of cyclin D1 with CDK4. The ability of
mitogens to promote association of Hsc70 with cyclin D1 is
temporally consistent with this idea. A second possibility is that
the continued presence of Hsc70 promotes “productive” as-
sembly of the quaternary holoenzyme complex, thereby ensur-
ing cyclin D1/CDK4 catalytic activity in the presence of Cip/
Kip molecules. Three observations suggest that the latter is the
most likely function. First, expression of Hsc70, unlike that of
p21Cip1 (28), is not sufficient to promote D1/CDK4 assembly in
an Sf9 system, arguing that Hsc70 is not an assembly factor.
Second, we found that transfection of mouse fibroblasts with
equimolar concentrations of plasmids encoding p21Cip1, cyclin
D1, and CDK4 resulted in cell cycle arrest. In contrast, coex-
pression of Hsc70 prevented cell cycle arrest, consistent with its
ability to maintain catalytically active D1/CDK4/p21Cip1 com-
plexes. Finally, preliminary work suggests that expression of
Hsc70 is sufficient to promote increased cyclin D1-dependent
kinase activity in the presence of high concentrations of
p21Cip1 or p27Kip1 (data not shown).

The previous demonstration that Hsp90 and CDC37 deter-
mine the stability of newly synthesized CDK4, along with our
demonstration that Hsc70 interacts with cyclin D1 and cyclin
D1/CDK4 complexes to facilitate cyclin stabilization and com-
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plex activation, indicates that chaperones are critical regulators
of cyclin/CDK maturation and function. Collectively, these
data are consistent with the model illustrated in Fig. 7. Matu-
ration and stabilization of constitutively synthesized CDK4 are
regulated by Hsp90 via the CDC37 targeting subunit (50). In
response to mitogens, cyclin D1 is produced and associates
with Hsc70. In the absence of mitogen-activated Hsc70, cyclin
D1 is unstable due to its propensity for misfolding and aggre-
gation. Misfolded cyclin D1 is rapidly degraded and is unavail-
able for assembly with CDK4. Binding of Hsc70 in response to
mitogen stimulation functions to fold cyclin D1, thereby in-
creasing its stability. Cyclin D1 stabilization during protein
maturation is independent of p21Cip1 or p27Kip1 binding (Fig.
4C). Following chaperone-mediated subunit maturation, cyclin
D1-CDK4 assembly is promoted by a Cip/Kip family protein
(28). In contrast to Hsp90 and CDC37, which appear to dis-
sociate from CDK4 prior to its assembly with a D-type cyclin,
Hsc70 remains a component of the holoenzyme, where it func-
tions to maintain cyclin-CDK activity in the presence of a
potentially inhibitory Cip/Kip subunit.

Our data suggest that the association of Hsc70 with cyclin
D1 constitutes yet one more potentially rate-limiting, mitogen-
regulated step in the activation of the cyclin D/CDK enzyme. It
is not clear how mitogens regulate Hsc70 function with regard
to cyclin D1. While Hsc70 abundance does not fluctuate sig-
nificantly during the cell cycle, Hsc70 gene expression does
increase during G1 phase (25). It is therefore possible that it is
newly synthesized Hsc70 that regulates cyclin D1. Alterna-
tively, Hsc70 may be subject to mitogen-regulated posttransla-
tional modifications. Consistent with this notion, we noted that
copurified Hsc70 migrates as multiple bands on silver-stained
gels. In addition, our preliminary experiments suggest that
activated MEK1 is sufficient to trigger cyclin D1-Hsc70 asso-
ciation (data not shown). This is consistent with the ability of
MEK1 to drive both cyclin D1 accumulation and its assembly
with CDK4 (10). Further efforts are required to elucidate how

growth factor-dependent signaling pathways regulate cyclin D1
maturation via modulation of Hsc70 activity.
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