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Cyclin D2 is a member of the family of D-type cyclins that is implicated in cell cycle regulation, differenti-
ation, and oncogenic transformation. To better understand the role of this cyclin in the control of cell
proliferation, cyclin D2 expression was monitored under various growth conditions in primary human and
established murine fibroblasts. In different states of cellular growth arrest initiated by contact inhibition,
serum starvation, or cellular senescence, marked increases (5- to 20-fold) were seen in the expression levels of
cyclin D2 mRNA and protein. Indirect immunofluorescence studies showed that cyclin D2 protein localized to
the nucleus in G0, suggesting a nuclear function for cyclin D2 in quiescent cells. Cyclin D2 was also found to
be associated with the cyclin-dependent kinases CDK2 and CDK4 but not CDK6 during growth arrest. Cyclin
D2-CDK2 complexes increased in amounts but were inactive as histone H1 kinases in quiescent cells. Transient
transfection and needle microinjection of cyclin D2 expression constructs demonstrated that overexpression of
cyclin D2 protein efficiently inhibited cell cycle progression and DNA synthesis. These data suggest that in
addition to a role in promoting cell cycle progression through phosphorylation of retinoblastoma family
proteins in some cell systems, cyclin D2 may contribute to the induction and/or maintenance of a nonprolif-
erative state, possibly through sequestration of the CDK2 catalytic subunit.

In eukaryotes, cell proliferation is regulated by the cooper-
ative activity of a set of cell cycle control genes (reviewed in
references 56 and 57). These genes include those that encode
cyclin-dependent kinases (CDKs) and the proteins that regu-
late their behavior, cyclins and CDK inhibitors. Analysis of
cyclin and CDK inhibitor expression has indicated that phase-
specific oscillations in the abundance of some of these proteins
are responsible, in part, for the orderly and linear progression
of cells through key cell cycle checkpoints. In mammalian cells,
an important cell cycle checkpoint called the restriction point
is located at a position just prior to the onset of DNA synthesis
(51). The expression of a subset of cell cycle control genes
occurs during the G1 phase of the cycle, placing them in a
temporal position to influence this key cell cycle decision (56).
Among such candidate G1 control genes are those encoding
cyclins D and E and the CDK inhibitors belonging to the
p21WAF/CIP/SDI and p16INK4 families.

The D-type cyclins consist of three family members, cyclins
D1, D2, and D3. The cyclin D1 gene was identified as a de-
layed-early gene that was inducible by colony-stimulating fac-
tor (37), by its ability to complement G1 cyclin-deficient yeast
strains (33, 74), and as the PRAD-1/bcl-1 proto-oncogene that
underwent gene rearrangements, gene amplification, and de-
regulated expression in a variety of tumor types (reviewed in
reference 43). Microinjection experiments with anti-cyclin D1
antibodies have suggested that cyclin D1 may be required for
progression of cells through G1 (4, 35, 52). Cyclins D2 and D3
were cloned as a consequence of their homology to cyclin D1
(25, 30, 37, 44, 74, 75), and cyclin D2 was also independently
identified as encoded by a gene mutated by proviral insertion

(20). Aberrant expression of cyclin D2 has been linked to
human male germ cell tumorigenesis (24).

The G1 regulatory function of D-type cyclins is thought to be
mediated by their interactions with CDK2, -4, and -6 (38, 39,
41, 76) and the retinoblastoma susceptibility gene product, Rb
(9, 12, 27). Phosphorylation of Rb by cyclin D in complexes
with CDK4 or CDK6 in mid- to late G1 is believed to trigger
the onset of S phase by inducing the release of E2F transcrip-
tion factors from growth-inhibitory Rb complexes (67). The
free E2F proteins are then thought to transcriptionally activate
genes involved in the activation and maintenance of DNA
synthesis. However, given the experimental results obtained
from E2F knockout mice, the precise molecular function of
Rb-E2F complexes is currently less clear (68). Also, cyclin D1
has recently been shown to regulate gene expression indepen-
dent of kinase activity (46, 78).

We and others have previously reported that in addition to
positively regulating traverse through specific points of the cell
cycle, overexpression of cyclin D1 in primary human fibroblasts
inhibits proliferation in chronic growth assays and blocks cells
from entering into S phase in acute growth assays (2, 49). Mice
lacking cyclin D1 appear to develop normally except for a
subset of cells within the retina and breast epithelium (13, 58)
which may be related to the high levels of Rb seen in the retina
(26) and the CDK-independent activation of the estrogen re-
ceptor by cyclin D1 (78), respectively. As for cyclin D1, tar-
geted inactivation of the cyclin D2 gene in mice affects few cell
types, resulting in hypoplastic ovaries and testes (59). Further-
more, the D-type cyclins have been shown to be induced during
exit from the cell cycle seen upon differentiation of a wide
variety of cell types (15), and cyclin D1 has been reported by
many groups to be upregulated during cellular senescence (re-
viewed in reference 42). A brain-specific form of cyclin D2
(MN20) has been linked to differentiation of particular neural
cell populations (54, 55), and coexpression of cyclin D2 and
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Ha-Ras under low-serum conditions can induce a senescence-
like phenotype (28). These results suggest that D-type cyclins
may have different roles depending on their levels of expres-
sion and cell type, which may be independent of CDK activity.
Here we provide additional evidence that one function of D-
type cyclins may be to act as inhibitors of cell proliferation. Our
results demonstrate that cyclin D2 expression is unique among
the D-type cyclins, being upregulated manyfold under three
distinct conditions of growth arrest in phenotypically normal
human and murine fibroblasts. Increased levels of cyclin D2
preferentially associate with CDK2 and CDK4 but not CDK6,
and these complexes are inactive as histone H1 kinases. Fur-
thermore, ectopic overexpression of cyclin D2 efficiently blocks
cell cycle progression, suggesting an alternate role for cyclin
D2 in promoting exit from the cell cycle and maintaining cells
in a nonproliferative state.

MATERIALS AND METHODS

Cells and cell culture. Established NIH 3T3 cells (CRL 1658) and the Hs68
(CRL 1635) and WI-38 (CCL 75) primary human diploid fibroblast (HDF)
strains were obtained from the American Type Culture Collection. Forearm
epidermal (A2) fibroblasts were a kind gift from S. Goldstein. HDFs were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) con-
taining low glucose, while NIH 3T3 fibroblasts were maintained in DMEM
containing high glucose. The media for both human and murine cells were
supplemented with penicillin-streptomycin (Gibco) and 10% fetal calf serum.

For growth studies, we defined senescence as a state where less than 10%
(typically 3 to 5%) of cells enter DNA synthesis in response to mitogens in a 36-h
period (2). Senescence occurs at different passage numbers for the primary
strains used; under our culture conditions, cells reach this point as follows: Hs68
cells by 80 to 85 mean population doublings (MPDs), WI-38 cells by 45 to 50
MPDs, and A2 cells by 75 to 80 MPDs. All cell strains and lines were analyzed
during exponential growth unless otherwise stated. Cells were grown in 95%
air–5% CO2 and maintained at a temperature of 37°C. For study of cyclin
expression during contact inhibition of growth, ;5 3 104 Hs68 (MPD 32) or NIH
3T3 cells were seeded on 10-cm-diameter plates in complete medium containing
10% fetal bovine serum (FBS) and harvested for total RNA and protein at the
intervals indicated. For release from contact inhibition, a single 10-cm-diameter
plate of 8-day density-arrested Hs68 fibroblasts (;5 3 105 cells at 32 MPDs) was
split at a ratio of 1:12 (;4 3 104 cells) into 12 10-cm-diameter plates. Cells were
harvested at 2 h following replating and every 3 h thereafter for 30 h. Isolated
RNA from each plate, representing ;0.4 mg of total RNA, was used for cDNA
synthesis by reverse transcription. For serum deprivation/stimulation experi-
ments, subconfluent Hs68 HDFs (MPD 34) or NIH 3T3 fibroblasts were incu-
bated in 0.1 to 0.2% FBS for 40 to 48 h prior to harvesting or stimulation with
10% FBS.

RNA preparation and RT-PCR. Total cellular RNA from HDFs and NIH 3T3
cells was extracted from cells and processed for reverse transcription and primer-
dropping PCR essentially as described elsewhere (71). Primer sequences used for
detection of both human and murine cyclin D2 transcripts were, from 59 to 39,
TACTTCAAGTGCGTGCAGAAGGAC for the sense primer and TCCCACA
CTTCCAGTTGCGATCAT for the antisense primer, resulting in a predicted
PCR product of 497 bp. The specificity of the primers was confirmed by ampli-
fication of the appropriate size product from a human cyclin D2 cDNA and by
sequencing of the PCR product (data not shown). Primer sequences and ampli-
fication conditions for cyclins B1 and E and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) have been described previously (71). Primer-dropping
reverse transcription-PCRs (RT-PCRs) were performed in 50-ml reaction vol-
umes, using PCR tubes with screw-cap lids (Sarstedt) as described previously
(71). Optimal PCR cycle numbers required for exponential amplification for
each primer set were determined by preliminary range-finding experiments.
Total amplification in each multiplex reaction was kept below saturation levels to
permit the products to remain within the exponential range of the amplification
curve and thereby provide semiquantitative data. All reactions shown in each
panel of PCR results were performed under the same reaction conditions. Typ-
ically, visualization of GAPDH required 20 to 23 PCR cycles and cyclin D2
mRNA required 24 to 32 cycles, depending on cell type. Gels were illuminated
with UV light, photographed with Polaroid film, and analyzed by digital image
analysis using a Hewlett-Packard ScanJet IIc scanner and the NIH Image pro-
gram. The intensities of the ethidium bromide fluorescence signals were deter-
mined from the area under the curve for each peak. All PCRs were repeated at
least three times to verify results.

Western blotting. Cells washed with phosphate-buffered saline (PBS) were
harvested in 0.5 ml of lysis buffer (50 mM Tris-HCl [pH 7.4]–50 mM pepstatin
A–0.2 mM leupeptin–10 mM EDTA–1% Triton X-100 containing freshly added
1 mM phenylmethylsulfonyl fluoride), sonicated, and stored at 220°C until
required. Protein concentrations were determined by the Bradford assay and/or

Coomassie staining after polyacrylamide gel electrophoresis, and 80 mg of boiled
protein in 23 sample buffer was loaded per lane for electrophoresis through
sodium dodecyl sulfate–12.5% polyacrylamide gels. Equal loading of protein
samples was confirmed visually by Coomassie brilliant blue staining. Proteins
were transferred to Polyscreen polyvinylidene difluoride membranes (NEN Re-
search Products) for 2 h at 20 V. The membranes were blocked overnight in PBS
containing 10% low-fat milk and 0.1% Tween 20, incubated with rat monoclonal
anti-cyclin D2 antibody (Oncogene Science) (1:1,000 dilution in PBS containing
0.1% Tween 20 and 5% milk) for 2 h at room temperature, followed by incu-
bation with a sheep anti-rat immunoglobulin (Ig) biotinylated conjugate (1:
1,000) (Amersham) and then strepavidin-horseradish peroxidase conjugate (1:
1,000) (Amersham) for 1 h each. The blots were washed for 30 min with PBS-
Tween 20 following each incubation. The membrane-bound cyclin D2 protein
was detected by enhanced chemiluminescence as instructed by the manufacturer
(Amersham).

Indirect immunofluorescence. NIH 3T3 and Hs68 fibroblasts were plated on
glass coverslips at 20 to 40% confluence in complete medium and incubated for
2 to 3 days for analysis of exponentially proliferating cells. For study of cell cycle
expression patterns, plated cells were incubated for 1 day and then starved for 36
to 48 h in 0.1% FBS prior to stimulation with 10% FBS for the time indicated.
For detection of cyclin D2 protein and nonspecific rabbit IgG, cells on coverslips
were fixed by sequential immersion for 10 min each in 3.7% formaldehyde (in
PBS) and 0.5% Triton X-100 (in PBS) at room temperature. For detecting
nuclear bromodeoxyuridine (BrdU) staining, additional incubations in 3 N HCl
for 10 min and sodium borate (0.1 M, pH 8.0) for 1 min were done. Coverslips
were washed by immersion in PBS for 10 min followed by incubation with
primary antibodies in a humidified chamber at 37°C. Cyclin D2 was detected with
a rat monoclonal antibody (1:100; AB-1; Oncogene Science), BrdU was detected
with a mouse monoclonal antibody (1:300; Sigma), and rabbit nonspecific anti-
bodies were detected with a sheep anti-rabbit IgG-Texas red conjugate (1:100;
Amersham). Secondary and tertiary antibodies for cyclin D2 detection were
biotinylated sheep anti-rat Ig (1:100; Amersham) followed by strepavidin-fluo-
rescein conjugate (1:100; Amersham). BrdU was detected with goat anti-mouse
IgG-Texas red conjugate (1:100; Amersham). For assaying DNA synthesis, BrdU
was added to a final concentration of 5 mg/ml 2 h after serum stimulation, and
cells were fixed and stained either 12 or 20 h later. Following antibody incuba-
tion, coverslips were mounted on glass slides and photographed in a Zeiss
Axiophot microscope, using a Neofluar 403 lens and Kodak Tri-X pan 400 film.

Immunoprecipitation-Western blot and immunoprecipitation-kinase assays.
Lysates from exponentially growing, contact-inhibited, or serum-deprived fibro-
blasts were prepared by scraping and lysis in radioimmunoprecipitation assay
buffer under nondenaturing conditions as described previously (2). Equal
amounts of lysates quantitated by Coomassie staining after polyacrylamide gel
electrophoresis were incubated for 4 h in antibody excess with rabbit anti-CDK2,
anti-CDK4, anti-CDK6, anti-glutathione S-transferase (GST) (all from Santa
Cruz Biotechnology Inc.), or anti-cyclin D1 (a gift from Y. Xiong) or rat anti-
cyclin D2 (Calbiochem) at 4°C with gentle rocking. Solutions were pelleted for 2
min at 14,000 3 g, and supernatants were transferred to fresh tubes containing
20 ml of protein G-agarose beads for incubation at 4°C with rocking for 30 min.
Pellets were collected by brief centrifugation, and remaining supernatant was
aspirated. Pellets were washed four times with ice-cold radioimmunoprecipita-
tion assay buffer, and the final pellet was boiled in 23 Laemmli sample buffer for
subsequent Western analysis or in 13 kinase buffer for kinase assays. Immuno-
precipitates were electrophoresed and detected by Western blotting as described
above. Histone H1 assays of immunoprecipitates were done with 1 mg of histone
(Sigma) each as described previously (64).

Microinjection experiments. Microinjection experiments were performed es-
sentially as described previously (2). In brief, log-phase or synchronized HDFs
plated on glass coverslips were needle microinjected in the nucleus with either
cytomegalovirus (CMV)-driven expression constructs encoding cyclin D1, D2, E
or B1, or the parental RcCMV plasmid and/or rabbit nonspecific antibodies. The
CMV-cyclin D2 construct was obtained as a generous gift from E. Kerkhoff; for
other expression vectors, see reference 2. Three independent trials for each
plasmid construct were performed where a minimum of 100 cells per coverslip
were microinjected and cells were scored for BrdU incorporation 24 h later.
Microinjection of nonspecific antibodies was used to control for microinjection
trauma in individual experiments. Tests with nonspecific antibodies showed that
greater than 90% of cells survive microinjection and approximately 95% of these
were able to incorporate BrdU over a 24-h period.

Transient transfection and FACS analysis. Hs68 HDFs (MPD 30) were plated
at a density of 106 cells per 150-mm-diameter plate. Cells were trypsinized and
spun at 800 rpm for 5 min. Cell pellets were resuspended in 400 ml of DMEM
without FBS and transferred to 4-mm gap cuvettes (BTX Inc., San Diego, Calif.).
Thirty micrograms of plasmid CMV-cyclin D2, CMV-antisense cyclin D2, CMV-
p16, or RcCMV vector control was added together with 10 mg of CMV-CD20
surface marker and 10 mg of salmon sperm DNA to make a total DNA content
of 50 mg per cuvette. Electroporations were done with a Bio-Rad gene pulser at
250 V and 960 mF, and each was transferred to a 10-cm-diameter plate; 48 h after
electroporation, cells were prepared for fluorescence-activated cell sorting
(FACS) analysis.

For FACS analysis, electroporated cells were trypsinized and spun at 800 rpm
for 5 min. The cell pellet was resuspended in 100 ml of complete medium
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(DMEM) and 20 ml of fluorescein isothiocyanate-CD20 antibody (Becton Dick-
inson) and incubated at 4°C with gentle rocking for 30 min. The cells were then
spun down as described above, washed two times with 13 PBS, and fixed in 1 ml
of 0.01% formaldehyde (in PBS) overnight at 4°C. After fixation, the cells were
spun and rewashed twice with 13 PBS, 1 ml of ice-cold digitonin (10 mg/ml in
95% ethanol) was added, and cells were incubated for 5 min on ice. The cells
were centrifuged as described above and washed twice with 13 PBS, and the
resulting pellet was resuspended in 500 ml of 13 PBS containing 250 mg of
RNase A and 6 mg of propidium iodide. After a 30-min incubation in the dark at
room temperature, the cells were analyzed in a Becton Dickinson FACScan, and
cell cycle analyses were performed for cells gated for positive CD20 surface
marker. In experiments where transient transfections were not performed, the
cells were prepared essentially as described above, omitting the addition of CD20
antibody.

RESULTS

Contact-inhibited cells express high levels of cyclin D2. Cy-
clin D2 mRNA expression as a function of cell density was
examined by semiquantitative RT-PCR (71). After plating of
Hs68 fibroblasts at low density, cells were harvested up to 6
days later under conditions where cells began to reach conflu-
ence by 3 days. As shown in Fig. 1A, the expression levels of
cyclin D2 mRNA progressively increased, attaining 20- to 30-
fold higher levels over 6 days as estimated by scanning densi-
tometry. The expression of cyclin B, which is required for
progression through mitosis, was downregulated, while cyclin
E, another G1 cyclin, remained relatively unchanged in the
same samples. To confirm that cells plated for 2 days were at
low density and were exponentially proliferating compared to
cells at day 6, FACS analysis was performed. As expected, a
significantly higher S-phase fraction was present in day 2 cells
(32%) than in day 6 cells (4%). Human lung WI-38, IMR-90,
and human skin (epidermal) A2 HDFs also exhibited a similar
upregulation of cyclin D2 mRNA in response to contact inhi-
bition (data not shown).

Since the mouse homolog of cyclin D2 (CYL2) was cloned
from NIH 3T3 cells (37), suggesting that its levels might be
higher in this established cell line than in HDFs, and because
NIH 3T3 fibroblasts are well known to contact inhibit, we also

tested for changes in cyclin D2 expression in these cells. As
shown in Fig. 1B, cyclin D2 mRNA levels increased to a similar
degree in response to contact inhibition as seen for HDFs.
Immunoblotting experiments with whole-cell lysates from NIH
3T3 cells confirmed that cyclin D2 protein levels also increased
approximately 20-fold as estimated by scanning densitometry
(Fig. 1C). These results demonstrate that cyclin D2 expression
is highly sensitive to the degree of cell contact in both primary
human and established murine fibroblasts.

We next examined whether the cell density-related increase
in cyclin D2 expression was a reversible event. Hs68 cells were
released from contact inhibition by replating confluent HDFs
(day 8 cells) at low density (1:12) and allowing them to syn-
chronously reenter the cell cycle. Total RNA for analysis of
mRNA expression patterns and whole cells for flow cytometry
experiments were harvested in parallel at 1- to 3-h intervals
following replating. Results from flow cytometry are plotted in
Fig. 2A, which shows the high degree of synchrony of cells
progressing through the cell cycle when released from contact
inhibition. Figure 2B presents the results of RT-PCR amplifi-
cations for cyclins D2, E, and B1. Release from contact inhi-
bition resulted in the continuous downregulation of cyclin D2
expression during the first 15 h. A comparison of cyclin D2
expression kinetics with FACS data indicated that reduction of
cyclin D2 mRNA occurred continually through G1, reaching
low steady-state levels during S-phase and thereafter. As con-
trols, cyclins E and B1 were analyzed from the same pool of
cDNA samples and were expressed at levels similar to those
previously reported (48, 71, 72). These results show that cyclin
D2 expression is downregulated in response to release from
contact inhibition.

Serum deprivation induces cyclin D2 expression. We next
examined cyclin D2 expression by RT-PCR and Western im-

FIG. 1. Increased expression of cyclin D2 during contact inhibition. (A) Pri-
mary human diploid fibroblasts at low passage numbers (Hs68, MPD 32) were
split at a ratio of 1:8 and harvested daily over a 6-day period starting on the
second day. Each sample was tested for cyclin B1, E, and D2 mRNA expression
by using primer-dropping RT-PCR, with GAPDH as an internal control (71).
Initially subconfluent NIH 3T3 murine fibroblasts were harvested at the days
shown and analyzed for cyclin D2 expression by RT-PCR (B) and by Western
immunoblotting using a monoclonal antibody against cyclin D2 protein (C).
Amplification of cyclin D2 mRNA from NIH 3T3 cells consistently required five
to six fewer PCR cycles than for similar detection of the transcript from HDFs.
Assuming 80% efficiency for the PCR, this represents a 25- to 50-fold difference
in abundance. (D) For Western blots, approximately 80 mg of total protein was
loaded per lane, and equivalent protein loading of lanes was confirmed by
Coomassie blue staining of gels.

FIG. 2. Kinetics of cyclin D2 mRNA expression upon release from contact
inhibition. (A) Flow cytometry analysis of Hs68 fibroblasts released from contact
inhibition. To perform the time course study, one 10-cm-diameter plate of day 8,
contact-inhibited HDF cells (Hs68, MPD 36) were trypsinized and split equally
into 12 plates containing fresh medium and 10% FBS. Cells were harvested at the
time points shown. (B) In a parallel experiment, total RNA was harvested at the
times indicated and analyzed for cyclin D2, E, and B1 mRNA expression patterns
from the same pool of cDNA by RT-PCR.
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munoblotting in NIH 3T3 cells made quiescent by serum de-
privation. As shown in Fig. 3, relative to exponentially prolif-
erating cells, serum-starved (quiescent) cells express elevated
levels of both cyclin D2 mRNA (Fig. 3A) and protein (Fig. 3B),
although the increase was not as great as that seen in contact-
inhibited cells. Upregulation of cyclin D2 in quiescent and
contact-inhibited cells appeared unique among the D-type cy-
clins, with cyclin D1 showing decreased levels and cyclin D3
changing little in serum-deprived or contact-inhibited NIH 3T3
cells (Fig. 3B).

We next examined whether accumulation of cyclin D2 in
response to serum deprivation was reversible. When subcon-
fluent or low-density cells were serum deprived for 48 h and
restimulated with 10% serum to induce cells to exit G0 and
reenter the cell cycle, cyclin D2 mRNA expression was down-
regulated in primary Hs68 fibroblasts (Fig. 3C), established
NIH 3T3 cells (Fig. 3D), and established murine macrophages
(strain J774 [Fig. 3E]). Similar patterns of repression of cyclin
D2 expression by serum addition were seen in three other
primary HDF strains (WI38, A2, and HF [data not shown]).
Consistent with these data, other groups have reported that
both cyclin D2 protein and mRNA levels are lower in S phase
than during G1, although in these studies levels of cyclin D2
were not examined during quiescence (1, 30, 36).

Cyclin D2 levels increase during cellular senescence. As
cyclin D2 levels were consistently upregulated during contact
inhibition and quiescence, we tested whether a similar upregu-
lation occurs during cellular senescence (22) where primary
cells lose their proliferative capacity and become irreversibly
growth arrested with a 2N DNA content, presumably within
the G1 phase of the cell cycle (17). As shown in Fig. 4A, all
strains of primary HDFs examined showed 5- to 20-fold in-
creases in cyclin D2 mRNA levels as cells became senescent,
similar to the changes previously reported for cyclin D1 (2, 10,
34) and the CDK inhibitors p21WAF/CIP/SDI (2, 47) and p16INK4

(21, 72). As in contact-inhibited cells, the increase in mRNA
resulted in increased levels of the cyclin D2 protein in senes-
cent cells as shown for two primary HDF strains in Fig. 4B,

although signals are relatively weak due to low levels of this
cyclin in primary cells (4, 63). To determine the kinetics of
cyclin D2 expression in relationship to in vitro age, Hs68 fi-
broblasts were assayed at several passage numbers indicated in
Fig. 4C. This experiment revealed that readily detectable up-
regulation of cyclin D2 mRNA was first observed in “middle-
aged” cells (MPD 52 to 60) and continued to progressively
increase with greater passage numbers. Coincidental with the

FIG. 3. Cyclin D2 expression is upregulated in serum-deprived cells. NIH 3T3 fibroblasts were analyzed for cyclin D2 expression by RT-PCR (A) and by Western
immunoblotting of cells that were exponentially proliferating, serum deprived for 40 to 48 h in 0.2% FBS (Quiescent), or contact inhibited (B). Subconfluent quiescent
HDFs (MPD ;26) (C), NIH 3T3 fibroblasts (D), and murine macrophages (E) were stimulated by the addition of serum to induce entry into the cell cycle. Total RNA
was harvested at the time points shown and assayed for cyclin D2 mRNA expression.

FIG. 4. Overexpression of cyclin D2 during cellular senescence. (A) Cyclin
D2 primers were used to monitor the relative mRNA expression levels from
three independent HDF strains at the MPDs shown, representing young (low-
MPD) and old, near-senescent (high-MPD) cells. In each case, RNA was har-
vested from subconfluent cells grown under exponential growth conditions. (B)
Western blot of cyclin D2 expression in WI38 and A2 fibroblasts at different
population doublings. (C) Cyclin D2 mRNA expression levels assayed in Hs68
HDFs at increasing passage numbers.
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increase in cyclin D2 expression, a reduction in the rate of
cellular proliferation (assayed as described in Materials and
Methods), increases in the proportion of cells possessing a
large flat morphology, and increased expression of the p16INK4

and p33ING1 genes (data not shown), both of which accompany
the process of replicative senescence (16, 72), were observed.
In summary, these experiments show that states of cellular
growth arrest induced by three distinct physiological condi-
tions, growth factor deprivation, contact inhibition, and cellu-
lar senescence, are accompanied by increased expression of
cyclin D2 mRNA and protein in all phenotypically normal
primary and immortal cell types examined.

Cyclin D2 protein is localized to the nucleus during growth
arrest. As growth-arrested cells exhibited enhanced levels of
cyclin D2 mRNA and protein, we next determined the distri-
bution of cyclin D2 protein within fibroblasts made quiescent
by serum starvation and contact inhibition, using indirect im-

munofluorescence. As shown in Fig. 5A and B, cyclin D2 pro-
tein localized to the nucleus in both serum-starved and con-
tact-inhibited NIH 3T3 fibroblasts. Cyclin D2 protein in
subconfluent, near-senescent HDFs (MPD 84) also showed a
nuclear staining pattern, but the overall immunofluorescent
signal was very weak (data not shown), likely due to the rela-
tively low levels of expression in primary fibroblasts (4, 63).
Thus, nuclear cyclin D2 protein was closely associated with all
three states of growth arrest.

Cyclin D2 was not, however, confined to the nucleus during
all phases of the cell cycle. As shown in Fig. 5C, NIH 3T3 cells
in late G1/early S phase expressed highly variable levels of
cyclin D2 protein, and cells that stained brightly for nuclear
cyclin D2 had not progressed through S phase, as determined
by a lack of BrdU staining (Fig. 5D), similar to staining pat-
terns reported for a variety of human cell types (36). Following
DNA replication as evidenced by BrdU incorporation and

FIG. 5. Localization of cyclin D2 protein in growth-arrested and proliferating fibroblasts by indirect immunofluorescence. Fibroblasts plated on glass coverslips were
fixed and stained for cyclin D2 protein, BrdU, or nonspecific rabbit IgG. (A) Localization of cyclin D2 in serum-deprived NIH 3T3 fibroblasts. (B) Cyclin D2 in
contact-inhibited (day 6) NIH 3T3 fibroblasts. (C) Cyclin D2 in NIH 3T3 cells at the G1/S boundary. (D) Cells shown in panel C stained for BrdU. Quiescent NIH 3T3
cells were stimulated for 14 h with serum prior to fixing and staining for cyclin D2 protein and BrdU. Arrowheads in panel D indicate cells that stained positively for
nuclear cyclin D2 protein but had not progressed into S phase, as determined by lack of BrdU staining. (E) NIH 3T3 cells in G2/M phase stained for cyclin D2 protein
and photographed with long exposure times. (F) Cells from panel E stained for BrdU. Quiescent NIH 3T3 cells were stimulated for 20 to 22 h with serum and BrdU
and were fixed and stained for cyclin D2 protein and BrdU. (G) Hs68 HDFs microinjected with cyclin D2 expression constructs and nonspecific antibodies. The cells
shown are stained for nonspecific rabbit IgGs. (H) HDFs from panel G stained for ectopic overexpression of cyclin D2 protein. Arrowheads in panel H show
microinjected cells staining brightly for cyclin D2 protein that localized to either the nucleus or the cytoplasm.
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staining (Fig. 5F), fibroblasts showed an overall lower intensity
of cyclin D2 staining that was predominantly cytoplasmic (Fig.
5E). However, because it was formally possible that the cyto-
plasmic staining following entry into S phase was nonspecific,
we microinjected Hs68 fibroblasts that express low endogenous
levels of cyclin D2 with a CMV promoter-driven human cyclin
D2 expression construct together with nonspecific rabbit anti-
bodies to identify microinjected cells. Cells injected with ex-
pression constructs (Fig. 5G) showed distinct nuclear and cy-
toplasmic cyclin D2 staining patterns (Fig. 5H), indicating that
these cells possess the capacity to actively partition the protein.
We could not determine the position in the cell cycle of these
microinjected cells by using BrdU costaining because overex-
pression of exogenous cyclin D2 protein interfered with DNA
synthesis (see Fig. 7). Nevertheless, although total cyclin D2
expression does not change appreciably from S to M phases of
the cell cycle (Fig. 3), these data support the idea that removal
of the protein from the nucleus might be required to allow the
G1-S phase transition and progression through S phase as
suggested previously for D-type cyclins (4, 35, 36).

Cyclin D2 associates with CDK2 (in a catalytically inactive
complex) and with CDK4 during contact inhibition. To assess
the relative levels of CDKs that might interact with cyclin D2,
we performed a series of immunoprecipitation-Western assays.
Cyclin D2 Western blots against cell lysates from rapidly grow-
ing (lanes G) and contact-inhibited (lanes Cl) cells, or against
immunoprecipitations from such lysates with control (anti-
GST) or the indicated CDK antibodies, are shown in Fig. 6.
Consistent with earlier blots (Fig. 1C and Fig. 3B), the levels of
cyclin D2 were higher in contact-inhibited than in growing cells
(Fig. 6A and B), and relatively high levels of cyclin D2 binding
to CDK4 but not CDK6 were seen in both growing and con-
tact-inhibited cell lysates (Fig. 6A). Although generally not
considered to be a major binding partner of cyclin D2, CDK2
has been reported to bind cyclin D2 in some human breast
epithelial cells (62). Consistent with this report, we found in-
creased binding of CDK2 with cyclin D2 in contact-inhibited
cells as shown in Fig. 6B in independent trials. No signal was
seen in GST immunoprecipitates, indicating that the cyclin
D2-CDK2 signal was specific. To determine if the CDK2
bound to cyclin D2 was active as a kinase, a series of immu-
noprecipitations were done with lysates from growing and con-
tact-inhibited cells and antibodies directed against cyclin D2,
CDK2 (as a positive control), as well as ones recognizing GST
and cyclin D1 (as negative controls). Immunoprecipitates were
then used in kinase assays using histone H1 as the substrate. As
shown in Fig. 6C, anti-CDK2 immunoprecipitates from grow-
ing but not contact-inhibited cells contained very high levels of
kinase activity, whereas anti-cyclin D2 immunoprecipitates, as
well as negative control immunoprecipitates, contained no de-
tectable activity in either growing or contact-inhibited cells.

Overexpression of cyclin D2 inhibits DNA synthesis in
HDFs. Because cyclin D2 expression correlated with multiple
states of growth arrest, we examined whether its overexpres-
sion might prevent proliferation-competent primary HDFs
from progressing through the cell cycle. HDFs were starved for
48 h and stimulated by the addition of 10% FBS to synchro-
nously enter the cell cycle. Two to four hours later, cells were
microinjected with a CMV-cyclin D2 expression construct, 1 h
later BrdU was added to monitor DNA synthesis, and cells
were fixed and stained for coinjected IgG and for incorpora-
tion of BrdU 24 to 30 h after stimulation. In parallel, similar
microinjection experiments were conducted with a cyclin D1,
cyclin E, or cyclin B1 expression construct, the empty control
vector (RcCMV), and rabbit nonspecific IgG (to assess the
degree of trauma from microinjection). Cells microinjected

with cyclin D2 plasmids exhibited a large flat cell morphology
similar to that of senescent fibroblasts (Fig. 7A) and failed to
incorporate BrdU (Fig. 7B), whereas neighboring uninjected
cells were BrdU positive. These observations indicate that cells
microinjected with cyclin D2 expression constructs were un-
able to efficiently replicate their DNA. In contrast, cells mi-
croinjected with the CMV-cyclin E construct (Fig. 7C) readily
incorporated BrdU (Fig. 7D).

Each of the microinjection experiments was performed in
three independent trials, results of which are graphically pre-
sented in Fig. 7E. Cyclin D2 expression blocked BrdU incor-
poration in more than 90% of the cells. Ectopic expression of
cyclin D1 in HDFs also efficiently inhibited S-phase progres-
sion, in agreement with previous reports (2, 49). Cyclins B and
E appeared to have minimal effects on BrdU incorporation,
although cyclin E injection resulted in a slight increase in cells
entering S phase, consistent with this cyclin playing a positive
role in cell cycle regulation (48, 53). Injection of the control
vector itself inhibited the ability of cells to incorporate BrdU
somewhat, but this effect was not seen when injecting vector at
concentrations lower than 0.02 mg/ml.

To further confirm our results obtained from microinjection
experiments, transient transfections of Hs68 HDFs were per-
formed with expression vectors encoding cyclin D2, antisense-

FIG. 6. CDK associations with cyclin D2. (A) Whole-cell lysates or immu-
noprecipitates (IP) from growing (lanes G) or contact-inhibited (lanes CI) NIH
3T3 cells were immunoblotted with a cyclin D2 monoclonal antibody as de-
scribed in Materials and Methods. The anti-GST (a-GST) antibody served as a
negative control, and the lysate served as a positive control. (B) Cyclin D2
immunoblot of cell lysates and immunoprecipitates using anti-GST and anti-
CDK2 antibodies. In the case of anti-CDK2, two independent immunoprecipi-
tations are shown. (C) Kinase assays of immunoprecipitates from growing and
contact-inhibited cells, using histone H1 as the substrate. The autoradiogram was
overexposed in order to detect very low amounts of activity as seen for contact-
inhibited cells in the a-CDK2 lane.
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cyclin D2, and p16INK4. The combined FACS analysis results
from three independent experiments (Fig. 7F) show that ec-
topic expression of cyclin D2 decreased the S-phase fraction by
45 to 50% compared to the control plasmid. Under the same
conditions, a 55 to 70% decrease in S-phase fraction was seen
for p16INK4 expressed from the same vector and a 10 to 20%
increase in S-phase fraction was seen for antisense cyclin D2.
Thus, in this normal diploid primary cell strain, cyclin D2 was
approximately as effective as p16 in blocking cell growth.
Taken together, these results indicate that ectopic overexpres-
sion of cyclin D2 in normal diploid fibroblasts blocks progres-
sion through G1 and entry into S phase.

DISCUSSION

In this study, we present evidence that cyclin D2 may func-
tion as a negative regulator of growth during the G0 and early
G1 phases of the fibroblast cell cycle. First, cyclin D2 mRNA
and protein expression were upregulated in primary human
diploid and murine fibroblasts during growth arrest induced by
contact inhibition, serum starvation, and cellular senescence.
Conversely, cyclin D2 is downregulated in cells synchronously
exiting G0 as a result of release from contact inhibition or
serum stimulation. Second, cyclin D2 localizes to the nucleus in
quiescent cells, where it is believed to be active and is cleared

FIG. 7. Ectopic overexpression of cyclin D2 inhibits S-phase progression. Serum-synchronized HDFs microinjected with CMV-cyclin D2 (A) and CMV-cyclin E
expression constructs (C) and analyzed for BrdU incorporation (B and D, respectively). The microinjected cells were detected by staining for cyclin D2 protein (A)
or nonspecific IgG (C). Arrowheads in panels B and D indicate cells injected with cyclin D2 and cyclin E expression constructs, respectively. (E) Effect on DNA synthesis
(as determined by BrdU incorporation) in HDFs microinjected with the control plasmid (RcCMV) or with a CMV construct expressing cyclin B1, D1, D2, or E. Each
microinjection experiment was performed at least three times with approximately 100 cells injected in total for each experiment. (F) Inhibition of entry into the S phase
of the cell cycle by transient transfection of expression constructs encoding p16, cyclin D2, and anti-sense cyclin D2. Results are plotted relative to RcCMV vector
controls for cells positive for CD20 surface marker staining. Bars represent the averages and standard deviations of three independent transfections.
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from the nucleus during the G1-S phase transition, consistent
with previous reports suggesting that subcellular relocalization
may be a prerequisite to permit cells to progress through S
phase (4, 35, 36, 49). Third, an increased association of cyclin
D2 with CDK2 is seen during contact inhibition, but the cyclin
D2-CDK2 complex has no histone H1 kinase activity. Fourth,
overexpression of cyclin D2 in human primary fibroblasts by
needle microinjection or transient transfection of expression
constructs strongly inhibits entry into S phase and DNA syn-
thesis. Thus, in addition to the previously proposed role in
mediating transit through the restriction point via phosphory-
lation of Rb family members, cyclin D2 may also function as a
negative regulator of growth by inducing exit from the cell
cycle and by helping to maintain cells in a nonproliferative
state.

It has been suggested that D-type cyclins may be multifunc-
tional growth factor sensors, responsible for inactivating Rb in
late G1, thus providing G1 checkpoint function, and function-
ing as S-phase regulators preventing unwarranted DNA repli-
cation and repair synthesis by means of titrating essential rep-
lication factors such as proliferating cell nuclear antigen (49).
Presumably D-type cyclins may have differing roles depending
on their relative abundance and the particular cell type. In-
deed, the most extensively studied D-type cyclin, cyclin D1, has
been reported to accelerate transit through G1 but inhibit
S-phase traverse when moderately upregulated in some cell
types (52, 53), while ectopic overexpression of cyclin D1 in
normal HDFs, mammary cell lines, Dami megakaryocytic cells,
and rat embryo fibroblasts inhibits DNA synthesis and cell
growth (2, 18, 19, 28, 49, 70). In this and other studies, over-
expression of other classes of cyclins generally has growth-
promoting effects, underscoring fundamental differences in
their roles within the cell. Subsets of D-type cyclins are also
upregulated in irreversibly growth-arrested cells such as during
replicative senescence (2, 10, 34, 72), terminal differentiation
(6, 23, 29, 65, 70, 77), and apoptosis (14), lending further
weight to the idea that they provide growth-suppressive func-
tions.

Additional links between D-type cyclins and growth suppres-
sion are provided by correlations to tumor suppressor activity.
Expression of the p53 tumor suppressor gene causes cell cycle
arrest in G1 (32), in part due to the transcriptional upregula-
tion of p21WAF/CIP/SDI by p53 (11). p21WAF/CIP/SDI, in turn,
inhibits CDK activity and prevents the phosphorylation and
inactivation of Rb that normally occurs in late G1 (67). In
murine cells, in addition to p21WAF/CIP/SDI, cyclin D1 expres-
sion is also upregulated by the inducible expression of p53,
using temperature-sensitive mutants or a steroid hormone-
inducible system (7, 8, 60), and by ectopic expression of Rb
(45). Changes in the expression patterns of a number of cell
cycle-regulatory genes during replicative senescence, some of
which are thought to contribute to the senescent phenotype,
have been described (42, 69). For example, p21WAF/CIP/SDI,
p16INK4, and p33ING1 are cell cycle inhibitors that are upregu-
lated during replicative senescence and may have roles in
maintaining or inducing cell cycle arrest associated with a se-
nescence or cellular aging program (2, 16, 21, 47, 72). Inter-
estingly, we and others have found that the activity of p53
increases in senescent fibroblasts (3, 66), perhaps providing a
molecular mechanism for the upregulation of D-type cyclins
during cellular aging. Since senescent cells possess constitu-
tively activated hypophosphorylated Rb (61), the high levels of
D-type cyclins seen during cellular senescence may be the
result of the combined activities of both p53 and Rb tumor
suppressors in a growth-inhibitory feedback loop.

In spite of their many similarities, D-type cyclins exhibit a

number of distinctive properties as well. For example, the
three cyclin D genes are more highly conserved between spe-
cies than they are to each other (25), are differentially ex-
pressed in various cell lineages (5, 35, 37, 41, 50), exhibit
distinctive induction kinetics (1, 4, 35, 36), and behave differ-
ently with respect to their interaction with, and phosphoryla-
tion of, Rb (9, 12, 27). These observations suggest that their
functions are not fully redundant. Indeed, although we have
observed upregulation of cyclin D2 during quiescence in sev-
eral independent primary fibroblast strains and in murine cell
lines under conditions of serum starvation, cyclins D1 and D3
were not similarly upregulated. However, all three of the D-
type cyclins were found to be upregulated during cellular se-
nescence (references 2 and 10 and data not shown), indicating
that growth arrest mediated by quiescence and senescence
have overlapping but distinct gene expression patterns. Cyclin
D2 expression has also been shown to increase during in vitro
differentiation of P19 embryonal carcinoma cells, with a con-
comitant increase in hypophosphorylated Rb (31). Similarly,
differentiation of myoblasts into myotubes resulted in in-
creased expression of cyclins D2 and D3 (29). It is also impor-
tant to note that MN20, whose expression is restricted to post-
mitotic neurons in the brain, shows significant homology to
cyclin D2 and is believed to function in the neuronal differen-
tiation pathway (54). In addition, of the three D-type cyclins,
expression of cyclin D2 appears to be least frequently detected
in assays of a large array of cells grown in culture (5, 41, 63).
For example, we find that normal HDFs express much lower
levels of cyclin D2 mRNA than NIH 3T3 fibroblasts or primary
T cells (data not shown). However, as shown in Fig. 1 and 3,
the patterns of cyclin D2 expression are essentially identical
between HDFs and NIH 3T3 cells in response to different
stimuli, suggesting similar functions in these different cell
types, although in the highly transforming growth factor b
(TGF-b)-sensitive established Mv1Lu line, both TGF-b and
contact inhibition were reported to inhibit cyclin D2 expression
(73). Finally, in contrast to cultured cells, our preliminary re-
sults indicate that high levels of cyclin D2 are expressed in a
variety of normal human tissues, including brain, breast, and
lymphoid tissues (data not shown). The fact that these tissues
are composed primarily of nonproliferating contact-inhibited
cells is consistent with the upregulation of cyclin D2 seen in
growth arrested cells grown in vitro.

The mechanism for the upregulation of cyclin D2 during
growth arrest is presently unclear. It is possible that the in-
crease in cyclin D2 mRNA is transcriptionally and/or posttran-
scriptionally regulated. Our preliminary results of assays using
the transcriptional inhibitor actinomycin D suggest that the
D-type cyclin transcripts are relatively stable over extended (6-
to 12-h) time courses in young versus senescent and in growing
versus contact-inhibited cells. Thus, a transcriptional mecha-
nism for the upregulation of cyclins D1 and D2 during growth
arrest appears a likely possibility.

The results presented here clearly illustrate that cyclin D2
expression is upregulated in quiescent cells. Our data further
suggest that cyclin D2 sequesters CDK2 in a catalytically inac-
tive complex, perhaps preventing it from being activated by
other cyclins such as cyclin E, which is expressed at levels which
are similar in quiescent and growing cells. This could serve a
function in maintaining cells in a quiescent state, consistent
with the observed effects of overexpressing cyclin D2. How-
ever, the major binding partner of cyclin D2 in quiescent cells
appears to be CDK4, although we have been unable to detect
kinase activity in this complex that is beyond background levels
in assays using a number of substrates, including Rb. Never-
theless, given the close functional relationship between the
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D-type cyclins and the Rb family of pocket proteins (72), it is
possible that an Rb-related protein can act as a target for cyclin
D2 kinase activity. One such candidate may be the Rb-related
protein p130, which is upregulated in G0 and exists in com-
plexes containing E2F-4 and E2F-5 transcription factors (8, 25,
70). Indeed, both p130 and E2F-4 are known to be differen-
tially phosphorylated during early and late phases of the cycle
(43, 70), and p130 exists in distinct forms during the early
portion of the cell cycle. These early G1 forms accumulate in
cells made quiescent by serum starvation, contact inhibition,
and treatment of cells with TGF-b (40), suggesting that a
kinase that recognizes p130 is activated during the transition
from G1 to G0. Hence, given the correlation between the
expression pattern of cyclin D2 and the G0 forms of p130, it is
reasonable to speculate that a cyclin D2 kinase activity may
target p130 or a p130 complex containing E2F proteins.
Whether quiescent cells possess such a cyclin D2 kinase activity
specific for the p130 complex is currently being tested.
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