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The nuclear export and cytoplasmic degradation of the cyclin-dependent kinase inhibitor p27 are
required for effective progression of the cell cycle through the G0-G1 transition. The mechanism respon-
sible for this translocation of p27 has remained unclear, however. We now show that cyclin D2 directly
links growth signaling with the nuclear export of p27 at the G0-G1 transition in some cell types. The
up-regulation of cyclin D2 in response to mitogenic stimulation was found to occur earlier than that of
other D-type cyclins and in parallel with down-regulation of p27 at the G0-G1 transition. RNA interfer-
ence-mediated depletion of cyclin D2 inhibited the nuclear export of p27 and delayed its degradation at
the G0-G1 transition. In contrast, overexpression of cyclin D2 in G0 phase shifted the localization of p27
from the nucleus to the cytoplasm and reduced the stability of p27. Overexpression of the cyclin
D2(T280A) mutant, whose export from the nucleus is impaired, prevented the translocation and degra-
dation of p27. These results indicate that cyclin D2 translocates p27 from the nucleus into the cytoplasm
for its KPC-dependent degradation at the G0-G1 transition.

Progression of the cell cycle in eukaryotic cells depends on
the activities of a series of protein complexes composed of
cyclins and cyclin-dependent kinases (CDKs). The activities of
these complexes are regulated by various mechanisms, includ-
ing inhibition by CDK inhibitors (CKIs) (70). The CKI p27Kip1,
which belongs to the Cip/Kip family of proteins, plays a pivotal
role in the control of cell proliferation. Transition from G0

phase of the cell cycle to S phase is promoted by complexes of
G1 cyclins (cyclins D1, D2, D3, and E) and CDKs (CDK4 or -6
for cyclin D and CDK2 for cyclin E), and p27 inhibits the
activities of these complexes through direct interaction (70).
However, p27 also promotes the assembly of D-type cyclins
with CDK4 or CDK6 (43). Mice homozygous for deletion of
the p27 gene are larger than normal mice and exhibit multiple-
organ hyperplasia as well as a predisposition to both sponta-
neous and radiation- or chemical-induced tumors, reflecting
the function of p27 in cell cycle regulation (22, 23, 37, 58).

In normal cells, the level of p27 is high during G0 phase but
decreases rapidly on reentry of the cells into G1 phase (62, 66).
This rapid removal of p27 at the G0-G1 transition is required
for effective progression of the cell cycle to S phase. The
abundance of p27 is thought to be controlled by multiple mech-
anisms that operate at the level of the synthesis (transcription
and translation), degradation, and localization of this protein
(1, 16, 29, 31, 52, 55, 63, 67). The ubiquitin-proteasome path-
way contributes to such control by mediating the degradation
of p27. In S and G2 phases of the cell cycle, degradation of p27

is promoted by its phosphorylation on Thr187 by the cyclin
E-CDK2 complex; this reaction is required for the binding of
p27 to Skp2, an F-box protein that functions as the receptor
component of an SCF-type ubiquitin ligase complex (12, 56,
59–61, 69, 74, 77). Although SCFSkp2 has been shown to be
largely responsible for the ubiquitylation of p27 in the nucleus
during S and G2 phases, the ubiquitylation of p27 at the G0-G1

transition is independent of Skp2 and occurs in the cytoplasm
(28). We recently showed that a cytoplasmic ubiquitin ligase
complex, designated KPC, is important for proteolysis of p27
at the G0-G1 transition (27, 33, 40).

The translocation of p27 from the nucleus to the cytoplasm
is necessary for KPC-dependent proteolysis. However, the
mechanism responsible for such translocation in response to
growth signals has been unclear. We and others have obtained
biochemical evidence suggesting that the phosphorylation of
p27 on Ser10 is important for this process (9, 16, 31, 67).
However, the observation that Ser10 of p27 is phosphorylated
in G0 phase in the absence of mitogenic signals (17, 32, 39) is
not consistent with the notion that phosphorylation of this
residue occurs in response to mitogenic stimulation and that it
triggers the nuclear export of p27 (9). Furthermore, our anal-
ysis of mice that express a form of p27 in which Ser10 is
replaced by alanine (p27S10A) revealed that the phosphoryla-
tion of Ser10 is not required for p27 translocation (39). Al-
though a similar analysis by other researchers yielded the
opposite conclusion (8), both we and this other group demon-
strated that phosphorylation of Ser10 is an important determi-
nant of the stability of p27 in G0 phase (8, 39). Other studies
have implicated Jab1 or other phosphorylation sites of p27,
such as Thr198 in the human protein, in the cytoplasmic trans-
location and localization of p27 (24, 46, 71, 76, 80). Not only
phosphorylation of serine and threonine but also that of ty-
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rosine by Src family kinase or c-Abl affects the stability of p27
protein (15, 26). A unified explanation for the nuclear export
and degradation of p27 has thus been lacking.

D-type cyclins (cyclins D1, D2, and D3) were discovered to
be factors whose expression is increased by growth signals and
are therefore considered mediators of signaling that links ex-
tracellular stimuli to the cell cycle machinery (5, 51). These
proteins form complexes with CDK4 or CDK6 that phosphor-
ylate and inactivate the product (pRb) of the retinoblastoma
tumor suppressor gene and the pRb-related proteins p107 and
p130 (7, 49, 50, 53). This process is thought to be indispensable
for progression of the cell cycle from G0-G1 to S phase, given
that cells deficient in D-type cyclins or in CDK4 and -6 show
marked defects in cell cycle progression when stimulated with
serum (41, 48). D-type cyclins are also thought to contribute to
another process important for the G0-G1 transition. Lympho-
cytes that lack cyclin D2 do not proliferate in response to
mitogenic stimuli such as immunoglobulin M, largely as a re-
sult of a defect in the rapid elimination of p27 (45, 73). This
observation suggested that D-type cyclins, in particular, cyclin
D2, play an important role in the down-regulation of p27 at the
G0-G1 transition. Indeed, the abundance of cyclin D2 has been
shown to increase in association with the decrease in p27
expression in various cell types (6, 11, 45, 64).

We have now investigated whether cyclin D2 might be an
effector that directly links growth factor signaling with the
nuclear export and subsequent cytoplasmic degradation of p27
at the G0-G1 transition in NIH 3T3 cells and some other cells.
We found that the expression of cyclin D2 was up-regulated
earliest among the three D-type cyclins after stimulation of
cells with serum. Furthermore, cyclin D2 was indeed found to
mediate the translocation of p27 from the nucleus to the cy-
toplasm that precedes the KPC-dependent proteolysis of this
CKI. Cyclins D1 and D3 appear not to participate directly in
this process, indicating that cyclin D2 has a specific role in the
down-regulation of p27 at the G0-G1 transition at least in some
cell types.

MATERIALS AND METHODS

Cell culture, cell synchronization, and cell cycle analysis. NIH 3T3 and
HEK293T cells as well as mouse peripheral lymphocytes were cultured as de-
scribed previously (31, 58). C2C12 myoblasts were cultured under the same
conditions as HEK293T cells. Mouse embryonic fibroblasts (MEFs) were iso-
lated and cultured as described previously (39, 59). For analysis of synchronized
cells, MEFs as well as C2C12 and NIH 3T3 cells were arrested in G0 phase by
serum deprivation for 48 to 96 h in medium supplemented with 0.1% fetal bovine
serum or 0.1% calf serum and were then cultured in medium containing 10%
fetal bovine serum or 10% calf serum to induce reentry into the cell cycle.
Lymphocytes were stimulated as described previously (28). Phases of the cell
cycle were determined by flow cytometry as described previously (28) but with
slight modifications.

Construction of expression plasmids and their introduction into cultured
cells. Complementary DNAs encoding mouse cyclin D1 or D2 were cloned by
reverse transcription-PCR, and the cDNA for mouse p27 was cloned as de-
scribed previously (58). Complementary DNAs for dominant negative forms of
human CDK4 [CDK4(D158N)] and CDK6 [CDK6(D163N)] (79) were gener-
ated by PCR. For retroviral expression, cDNAs for cyclin D1, D2, or D2(T280A)
or p27 tagged with two copies of the Myc epitope (M2) or with the hemagglutinin
epitope (HA) at their NH2 termini and those for wild-type CDK4 or the dom-
inant negative forms of CDK4 or CDK6 tagged with HA at their COOH termini
were subcloned into pMX-puro (kindly provided by T. Kitamura, University of
Tokyo) (57), and the resulting vectors were introduced into Plat E cells by
calcium phosphate-mediated transfection. The recombinant retroviruses thereby
generated were used to infect C2C12 cells or NIH 3T3 cells, which were then

subjected to selection in medium containing puromycin (5 to 10 �g/ml). Cells
stably expressing the recombinant proteins were pooled for experiments. For
expression in HEK293T cells, cDNAs for cyclins D1 and D2 tagged with two
copies of the Myc epitope at their NH2 termini, for NH2-terminally HA-tagged
p27, and for COOH-terminally HA-tagged dominant negative CDK4 or CDK6
were subcloned into pcDNA3 (Invitrogen). The cDNA for cyclin D2 was also
subcloned into p3�FLAG-CMV7.1 (Sigma) for expression of a protein with
three copies of the FLAG epitope at its NH2 terminus. Cells were transfected
with the resulting vectors by the calcium phosphate method and were harvested
after 48 h for experiments.

Establishment and maintenance of ecdysone-inducible cell lines. Ecdysone-
inducible cell lines were established with the use of an ecdysone-inducible mam-
malian expression system (Invitrogen). The pVgRXR vector was introduced into
NIH 3T3 cells by calcium phosphate-mediated transfection, and cell colonies
resistant to zeocin (700 �g/ml) were isolated and grown. These cells were then
transfected with a pIND vector containing the cDNA for mouse cyclin D2 tagged
with two copies of the Myc epitope. The cells were exposed to the ecdysone
analog ponasterone A (10 �M) for induction of exogenous cyclin D2 expression.

Immunoprecipitation, immunoblot, immunofluorescence, and pulse-chase
analyses. Immunoprecipitation, immunoblot, and immunofluorescence analyses
were performed as described previously (31) but with some modifications. Im-
munoprecipitation was performed with antibodies to p27 (C-19 [Santa Cruz
Biotechnology]), to the Myc epitope (9E10 [Sigma]), to HA (HA11 [Covance] or
Y-11 [Santa Cruz Biotechnology]), to FLAG (M2 [Sigma]), or to pRb (Phar-
mingen). For detection of p27-CRM1 binding, cells were lysed with CRM1
binding buffer (0.1% Triton X-100, 50 mM HEPES-NaOH [pH 7.5], 50 mM
potassium acetate, 5 mM magnesium acetate, 150 mM NaCl, 10% glycerol, 1 mM
dithiothreitol, 10 mM sodium pyrophosphate, 10 mM NaF, 2 mM sodium or-
thovanadate, 1 mM phenylmethylsulfonyl fluoride, aprotinin [10 �g/ml], leupep-
tin [20 �g/ml]), and lysates (300 �g of protein) were subjected to immunopre-
cipitation with the use of Affi-Prep protein A support (Bio-Rad). Immunoblots
were probed with antibodies to HA (HA11), to FLAG (M2), to the Myc epitope
(9E10), to p27 (Transduction Laboratories), to cyclin D1 (72-13G [Santa Cruz
Biotechnology]), to cyclin D2 (M-20 [Santa Cruz Biotechnology]), to cyclin D3
(Transduction Laboratories), to CDK4 (DCS-31 [Sigma] or C-22 [Santa Cruz
Biotechnology]), to CDK6 (C-21 [Santa Cruz Biotechnology]), to human pRb
phosphorylated on Ser780 (MBL), to phosphothreonine (Cell Signaling), to
HSP70 (Transduction Laboratories), to CRM1 (Transduction Laboratories), or
to KPC1 or KPC2 (33). Immunofluorescence analysis was performed with anti-
bodies to p27 (Neomarkers), to cyclin D2 (Neomarkers), to the Myc epitope
(9E10), or to HA (Y-11). Pulse-chase analysis was performed as described
previously (33).

RNAi. Construction of short hairpin RNA (shRNA) vectors and RNA inter-
ference (RNAi) were performed as described previously (33). The sequences
targeted to mouse p27, Skp2, and cyclin D1, D2, or D3 mRNAs were 5�-GAC
AATCAGGCTGGGTTAGCG-3� (p27-KD), 5�-GCTCTTCCTCGGCTGCAG
ATT-3� (Skp2-KD), 5�-GTTGTGCATCTACACTGACAA-3� (D1-KD), 5�-GG
ATGATGAAGTGAACACACT-3� (D2-KD), and 5�-GCCGCACATGCGGAA
GATGCT-3� (D3-KD), respectively.

RESULTS

We examined changes in abundance of p27 and D-type cy-
clins in NIH 3T3 fibroblasts that had been arrested in G0 phase
by serum deprivation for 3 days and then reexposed to serum
in order to induce synchronized progression of the cell cycle to
S phase (Fig. 1A). The amount of p27 was decreased as early
as 3 h after serum stimulation (Fig. 1B). Among D-type cyclins,
the increase in the amount of cyclin D2 was evident after
serum stimulation for 3 h, unequivocally earlier than the in-
creases in abundance of cyclins D1 and D3, which were first
apparent at 6 to 9 h (Fig. 1B). Similar results were also ob-
tained with MEFs arrested in G0 phase by serum deprivation
for 4 days and then stimulated by serum. We also examined the
changes in p27 and D-type cyclin abundance in mouse primary
lymphocytes stimulated with the combination of a phorbol
ester and Ca2� ionophore (Fig. 1A). The increase in the
amount of cyclin D2 again coincided with the decrease in that
of p27, whereas the levels of cyclins D1 and D3 were very low
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or virtually undetectable (Fig. 1B). These findings suggested
that cyclin D2 is up-regulated in parallel with the down-regu-
lation of p27 in quiescent cells subjected to mitogenic stimu-
lation. We next explored the possibility that cyclin D2 contrib-
utes to the down-regulation of p27 at the G0-G1 transition.

Immunofluorescence analysis revealed that endogenous
cyclin D2 and p27 were each distributed in both the nucleus
and the cytoplasm of NIH 3T3 cells in early G1 phase (Fig.
2A). To confirm that the observed signals were specific for
cyclin D2 and p27, we performed RNAi to deplete cells of the
endogenous proteins. The cells were thus infected with retro-
viral vectors encoding shRNAs specific for enhanced green fluo-
rescent protein (EGFP) (control), cyclin D2, or p27 mRNAs.
These shRNAs were highly efficient and specific in inducing
depletion of the corresponding target protein (Fig. 2B). Im-
munofluorescence for cyclin D2 or p27 was not detected (or
was greatly reduced) in cells subjected to RNAi for the corre-
sponding mRNA (Fig. 2A), suggesting that the signals initially
observed were not attributable to nonspecific staining with the
antibodies. The amount of p27 in the nucleus was found to be
increased in cells depleted of endogenous cyclin D2 by RNAi
(Fig. 2A and C), whereas depletion or overexpression of p27
did not affect the distribution of cyclin D2 (Fig. 2A and D).
These results suggested that depletion of cyclin D2 resulted in
inhibition of the nuclear export of p27 and that cyclin D2
is thus a determinant of the localization of p27, whereas the
opposite is not the case.

We investigated the possible contribution of endogenous
D-type cyclins to the degradation of p27 at the G0-G1 transi-
tion by infection of NIH 3T3 cells with retroviral vectors en-
coding shRNAs specific for EGFP (control) or cyclin D1, D2,
or D3 mRNAs. Depletion of cyclin D2 resulted in a delay in

p27 degradation, whereas that of cyclin D1 or D3 did not (Fig.
3A). Given that depletion of cyclin D2 prevented nuclear ex-
port of p27 in early G1 phase (Fig. 2A), this delay is likely
attributable to inhibition of the translocation of p27 into the
cytoplasm. Similar results were obtained with another set of
shRNAs that target different sequences in cyclin D1, D2, or D3
mRNAs (data not shown), suggesting that the observed effects
were not nonspecific artifacts. We also found that a substantial
amount of endogenous D-type cyclins and CDK4 associated
with endogenous p27 even in G0 phase (Fig. 3B), consistent
with previous observations (44, 81). These results thus sug-
gested that depletion of cyclin D2 inhibited the translocation
and degradation of p27 at the G0-G1 transition.

To examine the functional difference between cyclins D1
and D2, we compared the binding affinities of p27 for these two
cyclins. HEK293T cells that expressed approximately equal
amounts of Myc epitope-tagged cyclins D1 and D2 together
with various amounts of HA-tagged p27 were lysed and sub-
jected to immunoprecipitation with antibodies to HA. The
association of cyclins D1 and D2 with the precipitated HA-p27
was then detected by immunoblot analysis with antibodies to
the Myc epitope (Fig. 3C). The amounts of cyclins D1 and D2
bound to p27 were similar when the expression level of p27 was
high. In contrast, at lower levels of p27 expression, the amount
of cyclin D2 bound to p27 was greater than that of cyclin D1.
These results suggested that the functional difference between
cyclins D1 and D2 in the regulation of p27 translocation and
degradation depends not only on the subcellular localization
of these proteins (see Fig. 4) but also on their binding affinity
for p27.

Given that the promotion of p27 degradation by cyclin D2
appeared to be mediated at the level of the cytoplasmic trans-

FIG. 1. Up-regulation of cyclin D2 occurs in parallel with down-regulation of p27 at the G0-G1 transition. (A) Serum-deprived NIH 3T3 cells,
MEFs, or mouse primary lymphocytes were stimulated for the indicated times by exposure to medium containing 10% calf serum, 10% fetal bovine
serum, or 10 nM phorbol 12,13-dibutyrate and 300 nM ionomycin, respectively. The percentage of cells in S phase was determined by flow
cytometry. (B) Lysates prepared from the cells described above were subjected to immunoblot (IB) analysis with antibodies to the indicated
proteins. HSP70 was examined as an internal control. The band indicated by the asterisk is attributable to cross-reaction of the antibodies to cyclin
D2 with cyclin D1.
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location of p27, we hypothesized that this effect of cyclin D2
would be dependent on the KPC-mediated pathway of p27
degradation rather than on the Skp2-mediated pathway. To
test this hypothesis, we examined the effects of cyclin D2 and
Skp2 depletion by RNAi on p27 degradation in NIH 3T3 cells.
Depletion of Skp2 alone did not affect p27 degradation at the
G0-G1 transition, consistent with our previous observation for
primary lymphocytes (28). On the other hand, depletion of
cyclin D2 together with Skp2 increased the abundance of p27
(Fig. 3D), as with the results for NIH 3T3 cells (Fig. 3A).
Furthermore, the progression into S phase was substantially

inhibited by depletion of cyclin D2 in both mock- and Skp2-
depleted cells (Fig. 3E), suggesting that the promotion by
cyclin D2 of both p27 degradation and cell cycle progression is
largely independent of Skp2.

To examine whether cyclin D2 participates in p27 down-
regulation at the G0-G1 transition, we infected NIH 3T3 or
C2C12 cells with a retroviral vector for Myc epitope-tagged
cyclin D2. Expression of the ectopic protein in G0 phase was
used to recapitulate conditions of early G1 phase. As controls,
cells were infected with the empty retroviral vector (mock) or
with a vector for Myc epitope-tagged cyclin D1. The expression

FIG. 2. Depletion of cyclin D2 inhibits the cytoplasmic translocation of p27 in early G1 phase. (A) NIH 3T3 cells were infected with retroviral
vectors encoding shRNAs specific for EGFP (control), cyclin D2 (D2-KD), or p27 (p27-KD) mRNAs or HA-tagged p27 and were arrested in G0
phase by serum deprivation for 72 h. The cells were then fixed immediately (0 h) or after stimulation for 4 h with 10% calf serum to induce
synchronized progression of the cell cycle from G0 to early G1 phase. The cells were subjected to immunofluorescence analysis with antibodies to
cyclin D2 and to p27 or HA and were stained with Hoechst 33258. Arrowheads indicate cytoplasmic signals of each protein. Arrows indicate nuclear
accumulation of p27 in cells devoid of endogenous cyclin D2. Magnification, �40. (B) The cells depleted of cyclin D2 or p27 and stimulated for
4 h as described above were lysed and subjected to immunoblot (IB) analysis with antibodies to cyclin D2 or p27. (C) Quantitative analysis of the
subcellular localization of p27 in cells depleted of cyclin D2 and control cells stimulated for 4 h as described above. A total of 65 to 120 cells was
scored for each sample. Data represent the percentages of cells showing a predominantly nuclear localization of p27 and are means � standard
errors of the means from three independent experiments. (D) Cells expressing HA-p27 (or infected with the corresponding empty vector [Mock])
and stimulated for 4 h as described above were lysed and subjected to IB analysis with antibodies to p27. Bands corresponding to the exogenous
(Exo.) and endogenous (Endo.) proteins are indicated.
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FIG. 3. Depletion of cyclin D2 delays p27 degradation at the G0-G1 transition and inhibits progression of the cell cycle. (A) NIH 3T3 cells were
infected with retroviral vectors for EGFP (control), cyclin D1 (D1-KD), cyclin D2 (D2-KD), or cyclin D3 (D3-KD) shRNAs, arrested in G0 phase
by serum deprivation, and stimulated by reexposure to 10% serum for the indicated times. Cell lysates were then subjected to immunoblot (IB)
analysis with antibodies to p27 or to cyclin D1, D2, or D3. The band indicated by the asterisk is attributable to cross-reaction of the antibodies to
cyclin D2 with cyclin D1. (B) NIH 3T3 cells were subjected to RNAi as described for panel A, arrested in G0 phase, lysed, and subjected to
immunoprecipitation (IP) with antibodies to p27. The resulting precipitates as well as the original cell lysates (Input) were subjected to IB analysis
with antibodies to cyclin D1, D2, or D3, to CDK4, or to p27. (C) Lysates of HEK293T cells expressing various amounts of HA-tagged p27 and
similar amounts of M2-cyclin D1 or M2-cyclin D2 were subjected to IP with antibodies to HA (HA11). The resulting precipitates as well as the
original cell lysates (Input) were subjected to IB analysis with antibodies to HA or to the Myc epitope. (D) NIH 3T3 cells were subjected to RNAi
for EGFP or cyclin D2 followed by RNAi for EGFP or Skp2, arrested in G0 phase by serum deprivation for 72 h, and stimulated by reexposure
to 10% calf serum for the indicated times. Cell lysates were then subjected to IB analysis with antibodies to p27 or to cyclin D2. Those cells which
were growing in asynchronized conditions were also harvested, and the lysates from the cells were subjected to IB analysis with antibodies to HSP70
(control) and Skp2. (E) NIH 3T3 cells were subjected to RNAi as described for panel D, arrested in G0 phase by serum deprivation for 72 h, and
harvested or stimulated by reexposure to 10% serum for 14 h. Cells were exposed to 10 �M bromodeoxyuridine (BrdU) for 1 h before harvest.
The cells were then subjected to fluorescence-activated cell sorter analysis with antibodies to BrdU. Data represent the percentages of cells positive
for BrdU staining and are means � standard errors of the means from two independent experiments.
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levels of exogenous cyclins D1 and D2 were similar to those of
the corresponding endogenous proteins (see Fig. 5A). Immu-
nofluorescence analysis revealed that p27 was localized exclu-
sively in the nucleus of NIH 3T3 (Fig. 4A) or C2C12 (Fig. 4B)
cells infected with the empty vector or the vector for cyclin D1,

whereas cells overexpressing cyclin D2 manifested a reduced
extent of nuclear staining for p27 and an increase in the
amount of p27 in the cytoplasm. In both cell types, the local-
izations of exogenous cyclins D1 and D2 appeared to differ,
with the former being located predominantly in the nucleus

FIG. 4. Overexpression of cyclin D2 induces translocation of p27 from the nucleus to the cytoplasm. (A) NIH 3T3 cells were infected with a
retroviral vector for M2-cyclin D1 or M2-cyclin D2 or with the corresponding empty vector (Mock) and were then arrested in G0 phase by serum
deprivation for 72 h. The cells were fixed and subjected to immunofluorescence analysis with antibodies to the Myc epitope and to p27. (B) C2C12
cells were infected as described above, arrested in G0 phase by serum deprivation for 48 h, and subjected to immunofluorescence analysis as
described above. (C) NIH 3T3 cells infected with the vector for M2-cyclin D2 or the empty vector as described above were arrested in G0 phase,
after which cell lysates were prepared and subjected to immunoprecipitation (IP) with antibodies to p27 or to HA (Y-11). The resulting precipitates
as well as the original cell lysates (Input) were subjected to immunoblot (IB) analysis with antibodies to CRM1, to the Myc epitope, or to p27. The
abundance of exogenous cyclin D2 was relatively low intentionally because a high level of cyclin D2 expression results in a substantial reduction
in the amount of p27 (see Fig. 5A), making it difficult to compare precisely the amounts of CRM1 bound to p27. (D) MEFs derived from p27S10A

knockin mice were subjected to overexpression of cyclin D2 as described above, arrested in G0 phase by serum deprivation for 72 h, fixed, and
subjected to immunofluorescence analysis as described above. (E) NIH 3T3 cells of a line that expresses M2-cyclin D2 under the control of
ecdysone were deprived of serum for 48 h and then incubated in the presence of ponasterone A (10 �M) or vehicle (ethanol [EtOH]) for 24 h.
Cells were then fixed and subjected to immunofluorescence analysis as described above. Two independent representative images of ponasterone
A-treated cells are shown. Magnification, �40.
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FIG. 5. Overexpression of cyclin D2 promotes p27 degradation at the G0-G1 transition. (A) NIH 3T3 cells infected with a retroviral vector
encoding M2-cyclin D1 or M2-cyclin D2 or with the corresponding empty vector were arrested in G0 phase by serum deprivation for 72 h and then
reexposed to 10% calf serum for the indicated times. Cell lysates were subjected to immunoblot (IB) analysis with antibodies to p27, to cyclin D1,
or to cyclin D2. The band indicated by the asterisk is attributable to cross-reaction of the antibodies to cyclin D2 with cyclin D1. The positions of
bands corresponding to exogenous (Exo.) and endogenous (Endo.) proteins are shown. (B) C2C12 cells infected with retroviral vectors as described
above were arrested in G0 phase by serum deprivation for 48 h and then reexposed to 10% fetal bovine serum for the indicated times. Cell lysates
were subjected to IB analysis as described above. (C) NIH 3T3 cells infected with a retroviral vector for M2-cyclin D2 or with the empty vector
were deprived of serum for 72 h, pulse-labeled with [35S]methionine and [35S]cysteine for 2 h, washed, and incubated for the indicated chase times
in serum-deficient medium. Cell lysates were subjected to immunoprecipitation (IP) with antibodies to p27, and the resulting precipitates were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Labeled proteins were detected by autoradiography (top), and the intensity
of the 35S-p27 bands was quantified and plotted relative to the values at time zero. Data are means from three independent experiments. (D) NIH
3T3 cells infected with retroviral vectors and arrested in G0 phase as described above were lysed and subjected to IP with antibodies to p27 or to
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and the latter being detected in both the nucleus and the
cytoplasm, a pattern similar to that for endogenous cyclin D2
in early G1 phase (Fig. 2A). The localizations of exogenous
cyclins D1 (nucleus) and D2 (nucleus and cytoplasm) were
similar to those of endogenous p27 in the respective cells.
Furthermore, expression of exogenous cyclin D2 increased the
binding of p27 to CRM1, a carrier protein for nuclear export
(31) (Fig. 4C). These results thus suggested that cyclin D2 is
able to change the subcellular localization of p27 in G0-ar-
rested cells. To examine whether the translocation of p27 in-
duced by cyclin D2 expression is dependent on the phosphor-
ylation of p27 on Ser10, we expressed exogenous cyclin D2 in
MEFs derived from p27S10A knockin mice (39). We found that
p27S10A was translocated into the cytoplasm in G0 phase in
response to ectopic expression of cyclin D2 (Fig. 4D), indicat-
ing that the nuclear export of p27 promoted by cyclin D2 in G0

phase is independent of phosphorylation of p27 on Ser10.
To eliminate the possibility that these observations were

artifacts of retroviral infection, we established an NIH 3T3 cell
line in which the expression of Myc epitope-tagged cyclin D2 is
induced by ponasterone A, an analog of the steroid hormone
ecdysone. These cells were arrested in G0 phase, and expres-
sion of exogenous cyclin D2 was induced. Consistent with the
results obtained by retroviral infection, induction of cyclin D2
expression by ponasterone A resulted in the translocation of
p27 from the nucleus to the cytoplasm (Fig. 4E), whereas
ethanol treatment (control) did not affect the nuclear localiza-
tion of p27 at G0 phase. Similar results were obtained with
other independent cell lines (data not shown). These data thus
indicate that cyclin D2 possesses an intrinsic ability to alter the
subcellular localization of p27, and they suggest that the rapid
increase in cyclin D2 expression at the G0-G1 transition is
important for the concomitant nuclear export of p27.

We next investigated further the decrease in the abundance
of p27 at the G0-G1 transition in NIH 3T3 cells that overex-
press cyclin D1 or D2. Overexpression of cyclin D1 did not
markedly affect the kinetics of p27 down-regulation (Fig. 5A).
Consistent with the results of our immunofluorescence analysis
(Fig. 4A), the amount of p27 in G0-arrested cells overexpress-
ing cyclin D2 was smaller than that in mock-infected cells or in
cells overexpressing cyclin D1 (Fig. 5A). Similar results were
obtained with C2C12 cells (Fig. 5B). To confirm that this
decrease in p27 expression resulted from an increased turnover
rate of p27, we performed a pulse-chase analysis. The half-life
of p27 in cyclin D2-overexpressing NIH 3T3 cells was indeed
shorter than that in control cells (Fig. 5C). Overexpression of

cyclin D2 also accelerated the decrease in the amount of p27
that occurs at the G0-G1 transition in both NIH 3T3 and
C2C12 cells (Fig. 5A and B). A coimmunoprecipitation assay
showed that endogenous p27 was associated with the recom-
binant cyclin D1 or D2 as well with CDK4 in the transfected
NIH 3T3 cells (Fig. 5D). These results suggested that cyclin D2
has the ability to promote p27 degradation at the G0-G1 tran-
sition. The specificity of this effect of cyclin D2 may be attrib-
utable in part to the difference between the subcellular local-
izations of cyclins D1 and D2 (Fig. 4A).

We then examined whether the kinase activity of CDK4 or
CDK6 is required for the degradation of p27 in G1 phase by
expressing wild-type or dominant negative mutant (dnCDK4/6)
forms of these enzymes in NIH 3T3 cells. Expression of wild-
type CDK4 promoted the degradation of p27 in G1 phase (Fig.
5E). A similar accelerated decrease in the amount of p27 was
apparent in cells expressing dnCDK4/6 (Fig. 5F), indicating
that CDK4/6 kinase activity is not necessary for this effect. We
confirmed that expression of dnCDK4/6 inhibited the phos-
phorylation of pRb on Ser773 (equivalent to Ser780 of human
pRb) (Fig. 5F), a reaction known to be mediated by CDK4 or
-6 (36). The abundance of p27 in G0 phase was reduced in cells
expressing wild-type CDK4 or dnCDK4/6 (Fig. 5E and F),
similar to the effect of overexpression of cyclin D2. The pres-
ence of CDK4 or -6 thus appears to promote the degradation
of p27 independently of its kinase activity, suggesting that the
cyclin D2-CDK complex may mediate the translocation of p27
into the cytoplasm more effectively than does cyclin D2 alone.

Given that overexpression of cyclin D2 induced the translo-
cation of p27 from the nucleus to the cytoplasm and its down-
regulation in G0-arrested cells, it was likely that cyclin D2
increased the extent of p27 degradation in a manner depen-
dent on the cytoplasmic ubiquitin ligase KPC, which is consti-
tutively active throughout the cell cycle (33). To test whether
KPC contributes to the destabilization of p27 induced by cyclin
D2, we depleted cells of the KPC1 subunit of KPC by RNAi
(33). In G0 phase, p27 is normally localized to the nucleus and
unavailable for degradation by KPC. Depletion of KPC1 thus
had virtually no effect on the abundance of p27 in G0-arrested
control NIH 3T3 cells (Fig. 5G). In cells overexpressing cyclin
D2, however, in which the amount of p27 was reduced com-
pared with that in control cells, depletion of KPC1 restored the
level of p27 to that apparent in control cells. These data thus
suggested that cyclin D2 facilitates the KPC-dependent degra-
dation of p27 by escorting p27 into the cytoplasm.

If cyclin D2 has the ability to change the subcellular local-

the Myc epitope. The resulting precipitates as well as the original cell lysates (Input) were subjected to IB analysis with antibodies to the Myc
epitope, to CDK4, and to p27. The relative level of exogenous cyclin D1 was lower than that used in the experiment described in panel A to make
it similar to that of cyclin D2. (E) NIH 3T3 cells infected with a retroviral vector encoding wild-type (wt) CDK4 or with the corresponding empty
vector were arrested in G0 phase by serum deprivation for 72 h and then reexposed to 10% calf serum for the indicated times. Cell lysates were
subjected to IB analysis with antibodies to p27 or to CDK4. (F) NIH 3T3 cells infected with retroviral vectors encoding dnCDK4/6 or with the
corresponding empty vector were arrested in G0 phase and then reexposed to 10% calf serum for the indicated times. Cell lysates were subjected
to IB analysis with antibodies to p27. Lysates of asynchronous cells were also subjected to IB analysis with antibodies to CDK4 and to CDK6. In
addition, cells harvested in S phase (14 h after the onset of serum stimulation) were lysed and subjected to IP with antibodies to pRb. The resulting
precipitates were subjected to IB analysis with antibodies to the phospho-Ser780 form of human pRb (ppRb) (Ser773 in mouse pRb). (G) NIH 3T3
cells expressing M2-cyclin D2 or those infected with the corresponding empty vector were infected with retroviral vectors encoding shRNAs specific
for EGFP (control) or KPC1 mRNAs. The cells were arrested in G0 phase, lysed, and subjected to IB analysis with antibodies to the indicated
proteins. Asterisks indicate nonspecific bands.
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ization of p27, expression of a mutant form of cyclin D2 that
localizes only to the nucleus would be expected to inhibit p27
translocation to the cytoplasm. Glycogen synthase kinase-3�
has been shown to induce the nuclear export and destabiliza-
tion of cyclin D1 through phosphorylation of this cyclin on
Thr286. The cyclin D1(T286A) mutant thus exhibited a pro-
longed half-life and nuclear localization as a result of its im-
paired export from the nucleus (18, 19). Given that the amino
acid sequences of cyclins D1 and D2 are well conserved in the
region containing this phosphorylation site (Fig. 6A), we gen-
erated cyclin D2(T280A) as the equivalent mutant of cyclin
D1(T286A). We expressed FLAG-tagged wild-type or T280A
mutant forms of cyclin D2 in HEK293T cells, subjected cell
lysates to immunoprecipitation with antibodies to the FLAG
epitope, and subjected the immunoprecipitates to immunoblot
analysis with antibodies to phosphothreonine. Wild-type cyclin
D2 was found to contain phosphothreonine, whereas the

T280A mutant did not (Fig. 6B). These results thus indicated
that cyclin D2 is phosphorylated predominantly on Thr280, as
cyclin D1 is phosphorylated on Thr286. Expression of dnCDK4/6
did not inhibit the threonine phosphorylation of ectopic wild-
type cyclin D2 (Fig. 6C) or the translocation of endogenous
cyclin D2 (Fig. 6D), suggesting that the phosphorylation of
cyclin D2 on Thr280 and its translocation (see Fig. 7) are
independent of CDK activity.

Coimmunoprecipitation analysis also confirmed that cyclin
D2(T280A) interacted with endogenous p27 in NIH 3T3 cells
and that expression of cyclin D2(T280A) increased the abun-
dance of p27 in NIH 3T3 cells arrested in G0 (Fig. 7A). Sim-
ilarly to previous observations with cyclin D1(T286A) (19),
cyclin D2(T280A) was more stable and accumulated in the
nucleus to a greater extent than the wild-type protein in G0-
arrested NIH 3T3 or C2C12 cells (Fig. 7B; data not shown).
Furthermore, endogenous p27 accumulated in the nucleus to a

FIG. 6. Cyclin D2 is phosphorylated on Thr280 in a manner independent of CDK4/6 activity. (A) Alignment of amino acid sequences in the
COOH-terminal region of mouse cyclins D1 and D2. Conserved amino acids are boxed. The Thr286 phosphorylation site of cyclin D1 and the
corresponding residue (Thr280) of cyclin D2 are indicated by the asterisk. (B) HEK293T cells expressing 3�FLAG (F3)-tagged wild-type (WT)
cyclin D2 or cyclin D2(T280A), or those transfected with the corresponding empty vector, were incubated for 4 h with 10 �M MG132 (proteasome
inhibitor) and exposed for the final 30 min of the incubation to 50 nM calyculin A and 5 �M cyclosporine A (phosphatase inhibitors). Cell lysates
were then subjected to immunoprecipitation (IP) with antibodies to FLAG, and the resulting precipitates were subjected to immunoblot (IB)
analysis with antibodies to phosphothreonine (p-Thr). The original cell lysates (Input) were also subjected to IB analysis with antibodies to FLAG.
(C) HEK293T cells expressing F3-tagged WT cyclin D2 and HA-tagged dnCDK4/6, as indicated, were incubated with MG132, calyculin A, and
cyclosporine A as described for panel B. Cell lysates were then subjected to IP with antibodies to FLAG, and the resulting precipitates were
subjected to IB analysis with antibodies to p-Thr. p-Thr was detected in dnCDK4/6 as well as in cyclin D2 (arrows). The original cell lysates (Input)
were also subjected to IB analysis with antibodies to FLAG, to CDK4, and to CDK6. Exo., exogenous; Endo., endogenous. (D) NIH 3T3 cells
infected with retroviral vectors for HA-tagged dnCDK4/6 or with the corresponding empty vector (Mock) were arrested in G0 phase, stimulated
by exposure to 10% calf serum for 4 h to induce synchronized progression from G0 to early G1 phase, fixed, and subjected to immunofluorescence
analysis with antibodies to cyclin D2 and to HA (Y-11). Magnification, �40.
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greater extent in cells expressing cyclin D2(T280A) than in
control cells, an effect opposite that apparent in cells overex-
pressing wild-type cyclin D2. These results suggested that the
subcellular localization of cyclin D2 is an important determi-
nant of p27 localization and stability. We therefore next exam-
ined whether cyclin D2(T280A) affected p27 degradation at

the G0-G1 transition. Whereas overexpression of wild-type cy-
clin D2 markedly reduced the abundance of p27 in G0 phase
and promoted p27 degradation at the G0-G1 transition, expres-
sion of cyclin D2(T280A) inhibited p27 degradation at the
G0-G1 transition in NIH 3T3 cells (Fig. 7C and D). A similar
effect was observed to occur in C2C12 cells (Fig. 7E). A cyclo-

FIG. 7. Cyclin D2(T280A) inhibits nuclear export of p27 and delays its degradation. (A) NIH 3T3 cells infected with a retroviral vector for
M2-cyclin D2(T280A) or with the corresponding empty vector (Mock) were arrested in G0 phase by serum deprivation for 72 h. Cell lysates were
then subjected to immunoprecipitation (IP) with antibodies to p27. The resulting precipitates as well as the original cell lysates (Input) were
subjected to immunoblot (IB) analysis with antibodies to the Myc epitope, to CDK4, and to p27. (B) NIH 3T3 or C2C12 cells infected with a
retroviral vector for M2-tagged wild-type (WT) cyclin D2 or cyclin D2(T280A) or with the corresponding empty vector were arrested in G0 phase
by serum deprivation, fixed, and subjected to immunofluorescence analysis with antibodies to the Myc epitope and to p27. Magnification, �40.
(C) NIH 3T3 cells infected with a retroviral vector for M2-tagged WT cyclin D2 or cyclin D2(T280A) or with the corresponding empty vector were
arrested in G0 phase by serum deprivation and then reexposed to 10% serum for the indicated times. Cell lysates were subjected to IB analysis
with antibodies to p27 or to cyclin D2. The positions of the exogenous (Exo.) and endogenous (Endo.) cyclin D2 proteins are indicated. The band
indicated by the asterisk is attributable to cross-reaction of the antibodies to cyclin D2 with cyclin D1. (D) Quantitation of p27 band intensities
relative to the corresponding values for time zero in experiments similar to the experiment with results shown in panel C. Data are means from
three independent experiments. (E) An experiment similar to that with results shown in panel C was performed with C2C12 cells. (F) NIH 3T3
cells infected with a retroviral vector for M2-cyclin D2(T280A) or with the corresponding empty vector were arrested in G0 phase by serum
deprivation, reexposed to 10% serum for 3 h, and then incubated in the additional presence of cycloheximide (CH) (50 �g/ml) for the indicated
times. Cell lysates were subjected to IB analysis with antibodies to p27 or to the Myc epitope. The asterisk indicates nonspecific bands.
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heximide chase experiment also revealed that p27 stability was
increased in NIH 3T3 cells expressing cyclin D2(T280A) com-
pared with that in control cells (Fig. 7F). These results indicate
that cytoplasmic translocation of cyclin D2 is required for
the cytoplasmic translocation and degradation of p27 and that
this function of cyclin D2 depends on its phosphorylation on
Thr280.

DISCUSSION

The rapid degradation of p27 at the G0-G1 transition is
necessary for effective progression of the cell cycle to S phase.
We have shown previously that the nuclear export and KPC-
dependent ubiquitylation of p27, rather than the classical
SCFSkp2-dependent p27 ubiquitylation that takes place in the
nucleus, are largely responsible for such progression of cells to
S phase (27, 28, 31, 33, 40, 61). However, the precise mecha-
nism by which the growth factor-dependent translocation of
p27 from the nucleus to the cytoplasm is achieved has been
controversial. We have now shown that cyclin D2 is required
for such translocation of p27 at the G0-G1 transition. Cyclin D2
is expressed in G0 phase, albeit at a relatively low level. In
asynchronously growing cells, cyclin D2 appears to be localized
predominantly in the nucleus (47). In G1 cells, however, we
found that a subset of cyclin D2 molecules was clearly localized
to the cytoplasm, consistent with previous observations (47, 68,
75). Specific depletion of cyclin D2 by RNAi greatly reduced
the cytoplasmic immunofluorescence signal obtained with an-
tibodies to cyclin D2, excluding the possibility that it was an
artifact due to a nonspecific reaction of the antibodies. We
thus propose that cyclin D2 is localized in the cytoplasm at
least in some phases of the cell cycle in some cell types.

The expression of cyclin D2 was found to increase in parallel

with the down-regulation of p27 at the G0-G1 transition, and
this up-regulation of cyclin D2 occurred earlier than did that of
cyclins D1 and D3. Forced expression of cyclin D2 with either
a retroviral or an inducible expression system triggered the
cytoplasmic translocation of p27 in G0-arrested cells, and this
effect appeared to underlie the associated destabilization of
p27 by cyclin D2. Cyclin D2(T280A), a mutant form of cyclin
D2 that lacks the ability to translocate from the nucleus to the
cytoplasm, inhibited the cytoplasmic translocation and degra-
dation of p27, suggesting that the translocation of cyclin D2 is
required for that of p27. Furthermore, depletion of endoge-
nous cyclin D2 by RNAi slowed the rate of cytoplasmic trans-
location and degradation of p27 at the G0-G1 transition, a
finding that is consistent with previous observations on the
kinetics of p27 degradation in lymphocytes derived from cyclin
D2-deficient mice (45). On the basis of our results, we propose
that cyclin D2 mediates the translocation of p27 from the
nucleus to the cytoplasm and thereby promotes the KPC-de-
pendent degradation of p27 at the G0-G1 transition (Fig. 8).
Consistent with this model, the promotion of p27 degradation
by cyclin D2 was found to be dependent on KPC but largely
independent of Skp2.

Phosphorylation of p27 on Ser10 has been thought to occur
in response to mitogenic signaling and to be required for the
cytoplasmic translocation of p27 (9, 16, 31, 67). However, our
results suggest that p27 is phosphorylated on Ser10 in G0 phase
in the absence of mitogenic stimulation. Furthermore, our
analysis of p27S10A knockin mice revealed that p27 phosphor-
ylation on Ser10 is not necessary for the translocation of p27
into the cytoplasm (39). Rather, Ser10 phosphorylation is im-
portant for the stability of p27 in the nucleus at G0 phase (8,
39). We have now extended these observations by showing that
cyclin D2 also promotes the cytoplasmic translocation of p27 in

FIG. 8. Model for cyclin D2-dependent cytoplasmic translocation and degradation of p27. The CKI p27 is translocated from the nucleus to the
cytoplasm at the G0-G1 transition by cyclin D2 molecules that have been phosphorylated on Thr280. Our data suggest that p27, cyclin D2, and CDK4
or -6 form a complex in early G1 phase. The nuclear transporter CRM1 may recognize phosphorylated cyclin D2 and thereby mediate p27
translocation. Once in the cytoplasm, p27 is ubiquitylated by KPC and degraded by the 26S proteasome.
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MEFs derived from p27S10A knockin mice. Furthermore,
KPC1 was found to bind to p27S10A as well as it did to wild-
type p27 (T. Kamura and K. I. Nakayama, unpublished data),
suggesting that KPC-mediated degradation of p27 in the cyto-
plasm is independent of p27 phosphorylation on Ser10. To-
gether, these observations suggest that the mechanism respon-
sible for the control of p27 stability by Ser10 phosphorylation
in G0 phase differs from the pathway mediated by cyclin D2
and KPC.

Cyclins D1 and D3 did not show the same effects on p27
translocation and degradation as did cyclin D2. Although the
three D-type cyclins share substantial amino acid sequence
similarity (75 to 78% identity) in the cyclin box, a conserved
domain important for binding to CDKs, the extent of sequence
identity outside of this domain is only 39 to 47%. Indeed,
previous studies have provided evidence of functional differ-
ences among the D-type cyclins. For example, although cyclin
D2 activates CDK2, cyclin D1 does not (20, 21, 50, 53). Con-
versely, cyclin D1 binds to and activates the estrogen receptor,
whereas cyclins D2 and D3 do not (83). Inhibitory activities
toward other proteins, including pRb and v-Myb, also appear
to differ among the D-type cyclins (4, 25). In addition, we have
now shown that the subcellular localization and p27 binding
affinity of cyclin D1 differ from those of cyclin D2. The con-
tributions of D-type cyclins to cell cycle arrest or cell differen-
tiation also appear to differ (34, 35, 54).

Analysis of genetically engineered mice has revealed func-
tional redundancy and specificity for the D-type cyclins. Cyclin
D2-deficient lymphocytes show a reduced responsiveness to
mitogenic signals as a result of the accumulation of p27 (45,
73), with cyclin D2 appearing to be indispensable for p27
degradation in lymphocytes. In addition to lymphocytes, the
ovaries, testes, and pancreas manifest phenotypes in cyclin
D2-deficient mice (42, 72) that appear opposite to those in
p27-deficient mice (23, 37, 58, 78). In the ovaries, cyclin D2
seems to antagonize the inhibition of granulosa cell prolifera-
tion mediated by p27 (10). Mice engineered to express cyclin
D2 instead of cyclin D1 still manifest neural defects character-
istic of cyclin D1 knockout mice, despite the fact that other
defects of the latter animals were corrected by cyclin D2 gene
knockin, suggestive of functional differences between cyclins
D1 and D2 in neural development (13). Such genetic evidence
suggests that cyclin D2 antagonizes p27 function, presumably
through its control of p27 stability (45), and that cyclin D2 has
a specific role in this regard that is not mimicked by cyclin D1
or D3. These previous and our present observations indicate
that cyclin D2 plays an important role in p27 degradation
under physiological conditions, at least in cell types in which
cyclin D2 is dominant among the three D-type cyclins.

The mechanisms underlying the nuclear export of cyclin D1
and that of cyclin D2 appear to be similar. Cyclin D1 is ex-
ported from the nucleus in a CRM1-dependent manner, and
the phosphorylation of cyclin D1 on Thr286 is required for its
binding to CRM1 (2, 18). The sequence surrounding Thr286 of
cyclin D1 is well conserved in cyclin D2, and our data now
indicate that Thr280 of cyclin D2 (corresponding to Thr286 of
cyclin D1) is indeed phosphorylated. Consistent with this no-
tion, a recent study showed that glycogen synthase kinase-3�
regulates the stability of cyclin D2 (30). We hypothesized that
CRM1 interacts with cyclin D2 in a Thr280 phosphorylation-

dependent manner, resulting in the translocation of p27 asso-
ciated with the CRM1-cyclin D2 complex into the cytoplasm
(Fig. 8). Despite these similarities, the localizations of cyclins
D1 and D2 as well as their effects on p27 stability are substan-
tially different. In contrast to our proposal, some previous
studies have suggested that p27 (or p21) determines the nu-
clear localization of the cyclin D1-CDK4 complex (3, 43, 65).
At least under the conditions of our experiments, however,
forced expression or RNAi-mediated depletion of p27 did not
affect the localization of cyclin D2, whereas such modulation of
cyclin D2 abundance markedly affected the localization and
stability of p27. Given that most of these previous studies
referred only to cyclin D1 and that we have shown here that
cyclins D1 and D2 differ in both subcellular localization and
binding affinity for p27, the previous data for cyclin D1 cannot
necessarily be extended to cyclin D2.

Differences in the spatial and temporal regulations of the
D-type cyclins likely contribute to the functional differences
among these proteins. The difference in subcellular localiza-
tion between (endogenous or overexpressed) cyclins D1 and
D2 observed in the present study is probably attributable to a
difference in phosphorylation status of these molecules. Fur-
thermore, the difference in timing of the up-regulation of the
D-type cyclins at the G0-G1 transition may contribute to the
individual characteristics of these proteins. It is also possible
that the modification of p27 in response to growth signals
affects its binding affinity for cyclin D1 or D2. Previous studies
have shown that human p27 is phosphorylated on Ser10 or
Thr198 (Thr197 in mouse p27) by kinases activated in response
to growth signaling and that such phosphorylation may affect
the interaction between p27 and cyclins/CDKs (9, 24, 82).
Alternatively, degradation of cyclin D1- or cyclin D2-associ-
ated p27 might be intrinsically different regardless of p27 mod-
ification status. It is also possible that the different affinities of
p27 for cyclins D1 and D2 might reflect a difference in the
associations with CDK4 or CDK6. These possibilities remain
to be tested in future studies.

Previous studies have suggested that cyclin D2 contributes to
the stabilization and titration of p27 (38, 41). This apparent
discrepancy with our present findings may be attributable to a
difference in phosphorylation status of cyclin D2 on Thr280.
The nonphosphorylated form of cyclin D2, which is mimicked
by the cyclin D2(T280A) mutant, was found to accumulate in
the nucleus and to increase the abundance of p27. However,
our results suggest that a subset of cyclin D2 molecules phos-
phorylated on Thr280 translocates from the nucleus to the
cytoplasm in association with p27, with the result that p27 is
destabilized by KPC-dependent ubiquitylation. According to
our model, the phosphorylation of cyclin D2 on Thr280 may
function as a molecular switch to control these two functions
(p27 stabilization versus destabilization) of cyclin D2.

The possible contribution of CDK4 or -6 to the cytoplasmic
translocation of p27 remains to be determined. The interaction
between exogenous cyclin D1 and CDK4 appears weak but is
detectable in G0 phase (14). It was shown previously that p27
binds to free cyclin D1 or free CDK4 as well as to the cyclin
D1-CDK4 complex in experiments with recombinant proteins
(81). In quiescent NIH 3T3 cells, ectopic cyclin D1 associates
efficiently with CDK4, but the resulting complex is inactive
(44). It remains unclear how much p27 binds to free cyclin D2
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and the cyclin D2-CDK4 complex. We found that exogenous
cyclins D1 and D2 interacted with endogenous CDK4 of NIH
3T3 cells in G0 phase. We also detected interaction between
endogenous p27 and endogenous cyclins D1, D2, and D3 as
well as CDK4. Together, these data suggest that p27, cyclin D,
and CDK4 form a complex in G0 phase. Although the kinase
activity of CDK4 or -6 did not seem necessary for the degra-
dation of p27 in G1 phase, our results indicate that these
kinases nevertheless promote p27 degradation. We propose
that the ability of the cyclin D2-CDK4 complex to escort p27
into the cytoplasm is greater than that of cyclin D2 alone.

The expression of D-type cyclins shows tissue specificity, and
it is unlikely that p27 degradation is dependent on the cyclin
D2-KPC pathway in all cell types. Our present data indicate
that cyclin D2 promotes the nuclear export of p27 in at least
three different cell types: NIH 3T3 fibroblasts, mouse primary
lymphocytes, and C2C12 myoblasts. In addition, previous ge-
netic evidence has shown that cyclin D2-deficient lymphocytes
have a reduced responsiveness to mitogenic signals as a result
of p27 accumulation (45), suggesting that cyclin D2 is indis-
pensable for p27 degradation in these cells. However, we do
not exclude the possibility that p27 translocation and stability
are controlled by other D-type cyclins in cells that do not
express cyclin D2. The regulation of p27 abundance in such
cells remains to be elucidated.

In conclusion, we have identified a novel role for cyclin D2
in the translocation of p27 from the nucleus to the cytoplasm
at the G0-G1 transition. The rapid up-regulation of cyclin D2 in
response to mitogenic stimulation is thus important for the
down-regulation of p27 at this transition. Our results thus
indicate that cyclin D2 is one of the missing links between
growth signals and the export of p27 from the nucleus.
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