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Cyclin-dependent kinase 2 (Cdk2) is essential for initiation of DNA synthesis in higher eukaryotes. Bio-
chemical studies in Xenopus egg extracts and microinjection studies in human cells have suggested an addi-
tional function for Cdk2 in activation of Cdk1 and entry into mitosis. To further examine the role of Cdk2 in
human cells, we generated stable clones with inducible expression of wild-type and dominant-negative forms
of the enzyme (Cdk2-wt and Cdk2-dn, respectively). Both exogenous proteins associated efficiently with
endogenous cyclins. Cdk2-wt had no apparent effect on the cell division cycle, whereas Cdk2-dn inhibited
progression through several distinct stages. Cdk2-dn induction could arrest cells at the G1/S transition, as
previously observed in transient expression studies. However, under normal culture conditions, Cdk2-dn
induction primarily arrested cells with S and G2/M DNA contents. Several observations suggested that the
latter cells were in G2 phase, prior to the onset of mitosis: these cells contained uncondensed chromosomes, low
levels of cyclin B-associated kinase activity, and high levels of tyrosine-phosphorylated Cdk1. Furthermore,
Cdk2-dn did not delay progression through mitosis upon release of cells from a nocodazole block. Although the
G2 arrest imposed by Cdk2-dn was similar to that imposed by the DNA damage checkpoint, the former was
distinguished by its resistance to caffeine. These findings provide evidence for essential functions of Cdk2
during S and G2 phases of the mammalian cell cycle.

A substantial body of evidence indicates that DNA synthesis
in higher eukaryotes is initiated by activation of cyclin-depen-
dent kinase 2 (Cdk2) (52, 66). Cdk2 associates with cyclin E
and is activated shortly before S phase. The actual onset of S
phase correlates closely with induction of cyclin A and its
binding to Cdk2. Transient transfection of a catalytically inac-
tive form of Cdk2 arrests cells in G1 (74). This arrest was
prevented by coexpression of wild-type (wt) Cdk2 (Cdk2-wt)
but not other Cdks, suggesting that the mutant abrogates the
function of endogenous Cdk2 in a dominant-negative (dn)
manner. Similarly, addition of Cdk2 inhibitors or antibodies
directed against Cdk2 to Xenopus egg extracts (19), microin-
jection of antibodies directed against Cdk2, cyclin A, or cyclin
E in mammalian cells (54, 56, 73), or mutation of cyclin E in
Drosophila (12, 13, 35) can block initiation of DNA synthesis.
Candidate substrates of Cdk2 action at the G1-S transition
include the retinoblastoma tumor suppressor protein (pRb),
CDC6, and NPAT (32, 43, 57, 78, 81). Cdk2 is also implicated
in duplication of centrosomes, another important event initi-
ated at the G1/S boundary (26, 41, 46).

Evidence of a more limited scope suggests additional poten-
tial roles for Cdk2 in later cell cycle events. The catalytic
activity of Cdk2, derived largely from its association with cyclin
A, peaks in late S and G2 phases (55, 73). In some Drosophila
tissues, mutation of cyclin A blocks mitotic entry in a cyclin B
mutant background (36). In Xenopus egg extracts, Cdk2 com-
plexes appear to be required for activation of Cdk1 (Cdc2),
independently of Cdk2’s role in DNA synthesis (23). In this

setting, immunodepletion of Cdk2 or addition of p21WAF1/CIP1

blocks activation of Cdk1. The p21WAF1/CIP1 effect does not
appear to result from direct binding to Cdk1, occurs even in
the absence of nuclei, and can be rescued by addition of cyclin
E-Cdk2 complexes. In HeLa cells, microinjection during S
phase of antibodies directed against cyclin A can block cell
division, without a gross effect on bromodeoxyuridine (BrdU)
incorporation (56). This finding has been supported by two
recent microinjection studies in human cells that have pro-
vided evidence that Cdk2 may be required to stabilize cyclin B
(42) and/or to perform another step required to activate Cdk1
(21).

We have investigated the role of Cdk2 in human cell cycle
progression by generating stable clones in which transcription
of wt and dn forms of Cdk2 can be efficiently induced. This
system permits flow cytometric and biochemical analysis of the
effects of these proteins in cells that are proliferating exponen-
tially or are synchronized at specific points in the cell cycle.
Using these clones, we found that induction of Cdk2-wt had no
apparent cell cycle effect, whereas induction of Cdk2-dn inhib-
ited progression through several distinct phases of the cell
cycle.

MATERIALS AND METHODS

Cell culture and transfection. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies) containing 10% fetal bovine serum
(Life Technologies), penicillin (100,000 U/liter), streptomycin sulfate (100,000
U/liter), and glutamine (1 mM). Tetracycline (Tet; culture grade; Sigma) was
added to the culture medium at 1 to 2 mg/ml to suppress expression of the
inducible protein. To allow induction, cells were washed once with phosphate-
buffered saline (PBS), treated with trypsin and EDTA, washed off the dish with
DMEM, pelleted at 300 3 g for 5 min, and replated in the medium without Tet.
Semiconfluent U2-OS cells were transfected by the calcium phosphate method,
for stable as well as transient transfection (62). For transient expression of
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Cdk2-wt prior to immunofluorescence, a cytomegalovirus (CMV) vector express-
ing b-galactosidase (b-Gal; 0.8 mg per 3.5-cm-diameter dish) was cotransfected
with either a CMV vector without insert or the same vector expressing Cdk2-wt
(2.5 mg) (18, 74). The following methods were used for transfection of other cell
types: Lipofectin (2 ml per 6-cm-diameter culture dish; Life Technologies) for
HCT 116 cells and Effectene (10 ml per 6-cm-diameter culture dish; Quiagen) for
NIH 3T3 mouse fibroblasts. Cells were fixed in methanol-acetone and stained for
b-Gal, BrdU, and DNA as described elsewhere (18, 49). For transient expression
of Cdk2-wt prior to flow cytometry, a CMV vector expressing CD20 (1.6 mg per
6-cm-diameter dish) (74) was cotransfected with 5 mg of each plasmid.

Plasmid constructs and generation of stable clones. cDNAs encoding Cdk2-wt
and Cdk2-dn (74) were tagged at the carboxy terminus with an eight-amino-acid
peptide corresponding to sequences from the hemagglutinin (HA) epitope of
influenza virus and cloned behind the Tet operon in plasmid pUHD10-3 (22). A
U2-OS osteogenic sarcoma cell clone (U24 [29]) stably transfected with plasmid
pUHD15.1, encoding a Tet-sensitive transcription factor (22), was cotransfected
with each of the above plasmids and the puromycin-resistant plasmid pBabePuro
(51) at a ratio 20:1 (wt/wt). Clones resistant to 1 mg of puromycin per ml were
selected in the presence of Tet. Expression of the target protein was assessed by
immunofluorescence (49) or by immunoblotting, using antibody 12CA5 directed
against the HA tag. About 75% of clones in each transfection produced detect-
able target protein.

Cell synchronization. For hydroxyurea (HU) block and release, cells were
replated as described above in medium containing 1 mM HU (Sigma) and
cultured with or without Tet for 24 h. The cells were washed twice with PBS and
cultured in fresh medium with or without Tet. For subsequent nocodazole block,
cells were typically replated into nocodazole. In some experiments, nocodazole
was added 12 h after the HU release, with similar results. For nocadazole block
and release, cells were replated into medium containing 40 ng of nocodazole
(Sigma) per ml with or without Tet for 24 h. Cells were gently washed twice with
PBS, and the mitotic cells were washed off the plates by pipetting up and down
a few times with DMEM. The cells were pelleted at 300 3 g for 5 min and
replated in medium with or without Tet. For serum starvation of 3T3 cells, cells
were incubated in 0.1% serum for 66 h.

Caffeine treatment and irradiation. For flow cytometry experiments, cells were
untreated or treated with caffeine (1 to 10 mM) for 30 min. Some cells were next
exposed to 5-Gy irradiation at 2.9 Gy/min from a J. L. Shepard model 30 Mark
I 137Cs irradiator. Subsequently, cells were incubated with or without caffeine for
another 24 h. Cells with or without Cdk2-dn induction were, similarly, left
untreated or treated with 1 to 10 mM caffeine for 24 h. For DNA condensation
experiments, cells were synchronized with HU and released from this inhibition
for 4 h; 1 mM caffeine was added, and incubation was continued for another 8 h.
Cells were then fixed with ice-cold methanol-acetone (1:1) and stained for DNA
using bisbenzimide.

Flow cytometry. Cells were washed with PBS, treated with trypsin-EDTA,
washed off the dish with PBS, and centrifuged at 1,500 3 g for 5 min (4°C;
Eppendorf Microfuge). The cells were resuspended in PBS, fixed by dropwise
addition of a 33 volume of ice-cold ethanol (96%), and incubated for at least 2 h
at 4°C before staining. Fixed cells were pelleted and stained at 37°C for 30 min
with 0.5 ml of a solution containing 0.001% propidium iodide (Sigma) and 250
mg of RNase A per ml. The total cellular DNA content was determined using a
Becton Dickinson flow cytometer and ModFit software. Cell aggregates were
gated out of the analysis, based on the width of the propidium iodide fluores-
cence signal. Each profile was compiled from approximately 5,000 gated events.
CD20 staining was as described previously (74). A plasmid expressing a farnes-
ylated green fluorescent protein (Clontech) was to mark transfected cells in 3T3
experiments.

Cell extracts. Total cell extracts were prepared in E1A lysis buffer as described
previously (49).

Antibodies. Immunoblotting and immunoprecipitation were performed as de-
scribed previously (49). Separation of differentially phosphorylated forms of
Cdk1 was performed on 12% polyacrylamide gels. For immunoblotting, we used
1:600 to 1:800 dilutions of a 200-mg/ml solution of antibodies directed against
cyclin A (H-432 or BF683), cyclin E (C-19), cyclin B1 (GNS1), cyclin B1 (H-433),
Cdk2 (M2), and Cdk1 (C-19 or 17), all from Santa Cruz Biotechnology. Antibody
directed against a tyrosine 15-phosphorylated peptide of Cdk1 [phospho-Cdc2
(Tyr15); referred to here as K1Y15-P] was obtained from New England Biolabs.
Antibody directed against Chk2 was kindly provided by S. Elledge (Howard
Hughes Medical Institute, Baylor College of Medicine) (44). Immunoblotting of
proteins containing the HA tag was done with a 1:40 dilution of monoclonal
antibody 12CA5 (100 mg/ml). For immunoprecipitations, 50 to 200 mg of cell
extract was incubated with 2 to 3 mg of antibody as described previously (49). For
immunodepletion of HA-tagged proteins, 3 mg of anti-HA antibody (rat mono-

clonal clone 3F10; Roche) was used two times, each followed by precipitation
with 60 ml of packed protein G-agarose beads (Life Technologies).

Kinase assays. Anti-cyclin A (H432), anti-cyclin B1 (GNS1), 12CA5, and
anti-Cdk2 (M2) were used to immunoprecipitate active kinases. After immuno-
precipitation, the beads were washed three times with E1A lysis buffer and once
with 13 kinase buffer (25 mM HEPES buffer [pH 7.4], 1 mM phenylmethylsul-
fonyl fluoride, 0.1 mM sodium vanadate, 10 mg aprotinin/ml, 10 mg of leupeptin/
ml) and then incubated with kinase reaction mix (5 mg of histone H1 [Sigma], 0.1
mM ATP, and 0.2 mCi of [g-32P]ATP in a total volume of 25 ml of 13 kinase
buffer) at 30°C for 30 min. The reaction was stopped by addition of 25 ml of 23
sample buffer. The mixture was heated at 90°C for 3 min and centrifuged, and
proteins in the supernatant were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (10% gel).

Sequencing of integrated plasmids. Two primers close to the cloning site of
pUDH10-3 vector were used to amplify integrated Cdk2-dn cDNAs. The up-
stream primer was 59-ACCGGGACCGATCCAGCCT-39, and the downstream
primer was 59-GCATTCTAGTTGTGGTTTGTCC-39. The products were puri-
fied from agarose gels and directly sequenced by automated methods.

Southern blotting. Genomic DNA was purified from cells as described else-
where (62). Briefly, 10 mg of each purified genomic DNA was digested overnight
by EcoRI and then subjected to electrophoresis in 0.7% agarose. DNA was
blotted onto a nylon membrane (Hybond-N1; Amersham) and detected by
pUDH10-3 vector labeled by 32P nick translation.

RESULTS

Generation of clones. To further define the role of Cdk2 in
the human cell cycle, we generated cell lines in which expres-
sion of Cdk2-wt and Cdk2-dn could be rapidly and strongly
induced. We cloned cDNAs for Cdk2-wt and Cdk2-dn into a
Tet-regulated expression vector (the Tet-off system [22]). In
the Cdk2-dn protein, an asparagine residue is substituted for
the aspartic acid residue at position 145 (74). This aspartic acid
residue is conserved in all protein kinases and has been impli-
cated in orienting the beta and gamma phosphates of ATP for
the phospho-transfer reaction (9, 33, 34). Each cDNA encoded
a carboxy-terminal influenza HA epitope tag, to permit iden-
tification of the exogenous enzymes.

We transfected these constructs into a U2-OS clone (U24
[29, 49]) that expressed a Tet-sensitive transcription activator.
We chose U2-OS cells because they have been shown in tran-
sient transfection studies to be efficiently arrested by Cdk2-dn
(74). In addition, these cells have been shown to support effi-
cient regulation of transcription using the Tet-off system (24,
29, 49). Puromycin-resistant colonies were selected in the pres-
ence of Tet, to repress transcription from the target vectors.
Similar numbers of colonies were recovered from parallel
plates transfected with target vector lacking an insert, suggest-
ing that any leaky expression of the exogenous enzymes that
may have occurred did not generally confer a selective disad-
vantage on clone growth or selection pressure for mutation of
the host cells (data not shown). Consistent with this observa-
tion, we found little or no expression of the exogenous proteins
in the uninduced state (Fig. 1). We selected clones with a range
of expression of the exogenous proteins relative to the endog-
enous enzyme (Fig 1) and identified clones with comparable
levels of expression of exogenous wt and dn proteins (e.g., dn.4
and wt.2 [Fig. 1]). Note that induction of Cdk2-dn (Fig. 1, dn.5
lanes) appeared to inhibit formation of the rapidly migrating,
active form of Cdk2, suggesting inhibition of endogenous Cdk2
activity (25, 73). The effect of Cdk2-dn on endogenous Cdk2
activity is further addressed below.

Induction of Cdk2-dn imposes S and G2/M phase arrests. In
preliminary studies, we chose a clone with a moderate level of
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expression (dn.3) to assess whether induction of Cdk2-dn in-
hibited DNA synthesis, as judged by pulse tritiated thymidine
incorporation. Tet withdrawal had no discernible effect on
tritiated thymidine incorporation in vector-transfected clones
(data not shown) (8, 49). In contrast, Tet withdrawal for 3 days
in dn.3 yielded an 85% inhibition of tritiated thymidine incor-
poration relative to uninduced cells (data not shown). Next, we
assessed by flow cytometry the effects of Tet withdrawal on
total cellular DNA content in this clone over the same time
course. Surprisingly, we observed an increase in the fraction of
cells in S and G2/M phases in cells maintained without Tet
(data not shown) rather than the expected accumulation of
cells in G1 phase (74). The reduced thymidine incorporation
that followed Cdk2-dn induction in dn.3 argued against accel-
eration of G1 progression and indicated that the accumulation
of cells in S and G2/M phases was likely caused by cell cycle
inhibition. Similar S and G2/M arrests were obtained from a
second clone (dn.2 [data not shown]).

We then examined whether this was a reproducible response
in Cdk2-dn-expressing clones. We derived a new set of clones
from an independent transfection and selected representative
low- and high-expressing clones (dn.5 and dn.4, respectively)
for analysis (Fig. 1). Tet withdrawal in each clone again yielded
S and G2/M arrests (Fig. 2). (We use the term “arrest,” as
opposed to “delay,” throughout this report, without implying
that the cells are necessarily permanently arrested.) In con-
trast, induction of Cdk2-wt had no discernible cell cycle effect
(Fig. 2).

Cdk2-dn-mediated G1 arrest. We sought to reconcile these
results with the previously observed G1 arrest mediated by
transient transfection of Cdk2-dn in U2-OS cells (74). Because
the S and G2/M arrests were seen in every Cdk2-dn-expressing
clone and the exogenous enzymes were consistently of the
expected size, it seemed unlikely that the Cdk2-dn coding
region had undergone rearrangement or mutation during plas-
mid amplification or integration into genomic DNA. We fur-
ther excluded these possibilities by performing Southern blot-
ting, PCR amplification, and DNA sequencing of the
integrated plasmids from two clones (data not shown).

We noted that simply replating U2-OS cells, which was also
done prior to the transient transfections, induces a moderate
synchronization in G1 phase (49) (data not shown). In addi-
tion, transient transfection is somewhat growth inhibiting (data
not shown) and may contribute to cell synchronization in G1.
Another potential difference in these experimental settings is
that analysis of the transiently transfected cells was gated to the

1 to 5% of cells, with strongest staining for a cotransfected
marker protein (74). We therefore reasoned that a G1 arrest
might be observed in the stable clones if Cdk2-dn was ex-
pressed to high levels during M and/or G1 phases, perhaps
mimicking the setting of transient transfection.

To test this notion, we synchronized cells from clones dn.5
and dn.4 in early mitosis, using the microtubule inhibitor no-
codazole. We induced expression of the mutant protein during
this period, then released the nocodazole block, and analyzed
cellular DNA content at subsequent time intervals by flow
cytometry. Cdk2-dn induction yielded a G1 arrest in each clone
(Fig. 3). The arrest in the high-expressing clone (dn.4) was as
strong as that obtained following transient transfection (Fig. 3
and reference 74). Note that Cdk2-dn did not nonspecifically
delay passage through all phases of the cell cycle, because
there was no delay in progression through mitosis following
release from the nocodazole-mediated arrest (Fig. 3). Further-
more, no mitotic delay was detected in cells examined 1.5 and
3 h after nocodazole release (data not shown). Immunoblotting
confirmed that Cdk2-dn was expressed during the nocodazole
block (data not shown).

Finally, we tested the effect of transient transfection on the
cell cycle distribution of dn.5 cells. We found that cells suc-
cessfully expressing the transfected marker CD20 were slower
to progress through G1 and S phases than either CD20-nega-
tive cells exposed to the transfection procedure or untrans-
fected cells (data not shown). This phenomenon was observed
in the presence or absence of Cdk2-dn induction, but it par-
ticularly enhanced the G1/S arrest imposed by induction of
Cdk2-dn (data not shown). We conclude that whereas tran-

FIG. 1 Induction of Cdk2-wt and Cdk2-dn in U2-OS clones. The
designated clones were cultured in the presence (1) or absence (2) of
Tet for 3 days. Protein extracts were subjected to immunoblotting with
monoclonal antibody 12CA5 directed against the HA epitope tag (top)
or a polyclonal antibody directed against Cdk2 (bottom).

FIG. 2 Cdk2-dn induction preferentially imposes S and G2/M ar-
rests. Dn.5, dn.4, and wt.2 cells were grown in the presence (left) or
absence (right) of Tet for 3 days, and the DNA content of the cells was
assayed by flow cytometry. DNA content is displayed on the x axis, and
cell number is shown on the y axis. For ease of presentation in all
figures, DNA content profiles were normalized to the highest peak. G1
and G2/M fractions are shaded black, and S fractions are hatched.
Boxed areas show the percentage of cells in each fraction.
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sient transfection of Cdk2-dn revealed a bona fide role for
Cdk2 in the G1/S transition, these experimental conditions
masked a more general propensity of Cdk2-dn to arrest pro-
gression through S and G2/M phases in U2-OS cells.

Inhibition of S and G2/M phase progression. To demon-
strate directly that expression of Cdk2-dn results in S and
G2/M arrests and to identify favorable settings for biochemical
analysis of Cdk2-dn’s effects in synchronized cells, we per-
formed experiments using cells synchronized in late G1 and S
phases with HU. We determined cellular DNA content at
intervals following release of dn.4 cells from this block, with
and without induction of Cdk2-dn. The results showed that
induced cells were inhibited in passage through S and G2/M
phases (Fig. 4). In addition, we noted that 15% of cells with
Cdk2-dn induction retained a G1 DNA content, while fewer
than 5% of uninduced cells did so following release, further
confirming the ability of Cdk2-dn to inhibit G1/S progression.
In similar experiments, induction of the wt protein again had
no marked effect on cell cycle progression (data not shown).

We considered the possibility that the apparent G2/M arrest
following induction of the mutant resulted from slow progres-
sion through S phase. However, in exponentially growing cells,
cells of clones displaying low induced levels of the mutant
showed little S-phase arrest, but still accumulated in G2/M

(data not shown). We therefore repeated the HU experiment
using dn.5, a clone with a lower expression level. As expected,
induction of Cdk2-dn in this clone yielded only a modest S-
phase arrest, compared to dn.4, but a prominent G2/M arrest
(Fig. 5). Likewise, a G1 arrest was not seen in the clone with
lower expression of Cdk2-dn (Fig. 5). We conclude that G2/M
is the phase most sensitive to Cdk2-dn expression.

DNA damage checkpoint pathways. Cdk2 is believed to be
essential for the firing of DNA replication origins (2, 57, 70).
Some regions of the mammalian genome are typically repli-
cated early in S phase, and others are replicated late. It has
been documented that in yeast, some origins preferentially fire
in early S phase, whereas others fire late (68). The S-phase
arrest observed upon induction of Cdk2-dn may therefore re-
flect a need for Cdk2 within S phase, to fire late-replicating
origins (see Discussion). It is less clear what event(s) may be
responsible for the accumulation of cells in G2/M phase. More-
over, this is the cell cycle phase most sensitive to expression of
Cdk2-dn. We therefore focused on characterizing further the
point at which the G2/M arrest occurs.

Given that Cdk2 has been implicated in initiation of DNA
synthesis and that Cdk2-dn expression inhibits S-phase pro-
gression, we first asked whether the observed G2/M arrest
might result from activation of checkpoint pathways that block
cell division in response to damaged or unreplicated DNA
(16). Some cell death was seen after 3 days of induction of
Cdk2-dn, but there was hardly any cell death during the ex-
periments described here (data not shown). p53 is functional in
U2-OS cells and is commonly induced by DNA damage (71).
We found that p53 levels were unaffected by Cdk2-dn expres-
sion (data not shown). p21 levels were moderately increased,
but no more so than by induction of Cdk2-wt (data not shown).
Chk2 undergoes a shift in mobility on polyacrylamide gels in
response to DNA damaging agents in some cells (44). A pro-
tein of the expected size that reacts with anti-Chk2 antibodies
showed no mobility shift in response to Cdk2-dn expression but
also showed no shift with irradiation (data not shown). Thus,
these experiments did not provide evidence for Cdk2-dn-
induced activation of checkpoint pathways that monitor DNA
integrity or replication.

Caffeine is known to be a potent antagonist of checkpoint

FIG. 3 Inhibition of progression through G1 phase following induc-
tion of Cdk2-dn during a nocodazole block. Dn.5 (low expressor; A)
and dn.4 (high expressor; B) cells were incubated with nocodazole for
24 h in the presence or absence of Tet. The mitotic cells were washed
off the dish and replated in the absence of nocodazole (0 h; white
profiles); cells were collected for flow cytometry at 6 h (grey profiles)
and 24 h (black profiles) while maintaining the respective Tet condi-
tions. Boxed areas show the percentage of cells in each fraction at 24 h.

FIG. 4 Inhibition of cell cycle progression following induction of
Cdk2-dn during an HU block. Dn.4 cells were incubated with HU for
24 h in the presence or absence of Tet. Cells were collected for flow
cytometry at 6-h intervals after removal of HU (0 h).
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pathways that monitor damaged and unreplicated DNA in
mammalian cells (48, 64, 77). We therefore examined whether
caffeine could rescue the S and G2/M arrests mediated by
Cdk2-dn. We focused on clones with high levels of Cdk2-dn
expression for this analysis, because they display more distinct
S and G2/M arrests. As a positive control for caffeine’s effects,
we exposed uninduced cells to gamma irradiation. Represen-
tative flow cytometry results are shown in Fig. 6. Caffeine
efficiently prevented the G2/M arrest imposed by irradiation
(Fig. 6, Tet 1, Irr). In contrast, caffeine only slightly reduced
the S and G2/M fractions in cells with Cdk2-dn induction (Fig.
6, Tet 2), less so than in control cells without induction or
irradiation (Fig. 6, Tet 1). Thus, the S and G2/M arrests
imposed by Cdk2-dn appear to be relatively resistant to the
effects of caffeine.

In addition to its effects on DNA content, caffeine is capable
of inducing premature DNA condensation in cells with unrep-
licated DNA (64, 77). Such an effect would not be evident by
flow cytometry. To address this issue, we synchronized cells
with HU, with or without Cdk2-dn induction, released the HU
block, and examined whether caffeine addition during S phase
could increase the fraction of cells with condensed nuclear
DNA, assessed by fluorescence microscopy. The results are
summarized in Table 1. Caffeine was able to induce premature
DNA condensation in 15% of uninduced cells but only 2% of
cells with Cdk2-dn induction. We conclude that the S and
G2/M arrests imposed by Cdk2-dn are not solely due to acti-
vation of caffeine-sensitive checkpoint pathways but may re-
flect disruption of events required for normal cell cycle pro-
gression.

Cdk2-dn associates efficiently with endogenous cyclins. To
further characterize the mechanism by which Cdk2-dn exerted
its effects, we analyzed the induced protein’s association with

FIG. 5 Induction of lower levels of Cdk2-dn preferentially yields a G2/M arrest, whereas higher levels also yield S and G1 arrests. Dn.5 (low
expressor) and dn.4 (high expressor) cells were incubated with HU for 24 h in the presence or absence of Tet. Cells were collected for flow
cytometry 12 and 24 h after removal of HU. G1 and G2/M fractions are outlined in black, the S phase fraction is hatched, and the percentage of
cells in each fraction is presented in a box above each profile.

FIG. 6 Caffeine fails to rescue the S and G2/M arrests imposed by
Cdk2-dn. Dn. 4 (A) and dn.2 (B) cells were incubated in the presence
or absence of Tet for 48 h. A third culture maintained in Tet was
subjected to 5 Gy of gamma irradiation (Irr) at the end of this time
period. Each culture was then incubated in the presence or absence of
1 mM caffeine (Caf) for an additional 24 h and collected for flow
cytometry. The percentage of cells in the G2/M fraction is given above
each DNA profile.
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known cyclin partners. Cyclin E expression is not markedly cell
cycle regulated in U2-OS cells (49) (data not shown). We
therefore used unsynchronized cells 24 h after induction of wt
or dn enzymes to assay association with cyclin E. Immunoblot-
ting with antibodies directed against the HA epitope tag dem-
onstrated that the exogenous proteins were induced to similar
levels (Fig. 7A). We immunoprecipitated the exogenous pro-
teins through their HA tags and assayed their associated kinase
activity using histone H1 as a substrate. The results confirmed
that the wt enzyme was catalytically active whereas the mutant
was not (Fig. 7A) (74).

Next, we compared the abilities of the induced enzymes to
associate with endogenous cyclins. To estimate the fraction of
endogenous cyclin E bound by the induced enzymes, we im-
munodepleted the induced proteins from the lysates using an-
tibody directed against the HA tag and assayed the level of
cyclin E remaining in the supernatant. Immunodepletion ef-
fectively removed most of the induced protein (Fig. 7B; com-
pare lane 4 with lane 3 and lane 8 with lane 7). Although some
cyclin E was nonspecifically lost from the supernatants due to
the procedure itself (lanes 2 and 6), most cyclin E appeared to
be bound to the exogenous proteins (lanes 4 and 8). These
results suggest that the exogenous wt and dn proteins, respec-
tively, associated with most of the endogenous cyclin E, con-
sistent with their abundance relative to endogenous Cdk2.
Consistent with this, cyclin E-associated kinase activity was
inhibited by Cdk2-dn induction (data not shown). Because
Cdk2-wt induction was without cell cycle effect, the results
provide further evidence that the cell cycle inhibition mediated
by Cdk2-dn is not due to sequestration of endogenous cyclins
per se but also reflects a lack of Cdk2 kinase activity.

We then sought to extend these results by analyzing associ-
ation of the exogenous enzymes with cyclin A and effects on
cyclin A-associated kinase activity. Cyclin A expression and
kinase activity are strongly cell cycle regulated in U2-OS cells,
peaking in S and G2 phases (49), and the increase in cyclin
A-associated Cdk2 activity is primarily responsible for the peak
in Cdk2 activity that occurs in late S/G2 phases (55). To control
for cell cycle position effects, we induced Cdk2-dn during syn-
chronization of dn.4 cells with HU and prepared cell extracts at
intervals following release from this block (see Fig. 4 for flow
cytometry profiles of cells treated in this manner). Synchrony
was lost in the uninduced cells beyond 20 h, and so we focused
our analysis on earlier time points. Induction of Cdk2-dn had
little impact on cyclin A expression, assessed either by direct
immunoblotting (data not shown) or by immunoprecipitation
of cyclin A followed by immunoblotting (Fig. 7C, top). How-
ever, cyclin A-associated kinase activity was strongly inhibited
(Fig. 7C, middle). This correlated with binding of cyclin A to

the exogenous enzyme at the expense of the endogenous (Fig.
7C, bottom). In contrast, induction of Cdk2-wt in wt.2 under
similar conditions had no substantial effect on cyclin A-associ-
ated kinase activity (data not shown). In conclusion, both
Cdk2-wt and Cdk2-dn compete with the endogenous Cdk2 for
cyclin binding, but Cdk2-dn lacks kinase activity and blocks the
accumulation of cyclin A-associated kinase activity during S
and G2/M phases.

G2/M arrest occurs prior to DNA condensation. To charac-
terize further the point at which cells are arrested in the G2/M
period, we sought to determine whether Cdk2-dn-expressing

FIG. 7 Induced Cdk2-wt and Cdk2-dn each associate with the ma-
jority of endogenous cyclin A and E, but Cdk2-dn is catalytically
inactive. (A) Induced Cdk2-dn is catalytically inactive, whereas in-
duced Cdk2-wt retains catalytic activity. Cells from clones wt.2 and
dn.4 were incubated in the presence or absence of Tet for 24 h.
Whole-cell extracts were subjected to immunoblotting (IB) with an
antibody directed against the HA tag (top), immunoblotting with an
antibody directed against Cdk2 (K2; middle), and immunoprecipita-
tion (IP) with an antibody directed against the HA tag, followed by in
vitro kinase assays using histone H1 (HH1 Kin) as a substrate (bot-
tom). (B) Induced Cdk2-wt and Cdk2-dn each associate with the ma-
jority of endogenous cyclin E. Two successive rounds of immunodeple-
tion (ID) with the HA antibody were performed on the extracts
described above. Cyclin E (top) and induced Cdk2 (wt or dn, using the
anti-HA antibody; bottom) levels in the extracts were determined by
immunoblotting before and after immunodepletion. (C) Induction of
Cdk2-dn abolishes most of the endogenous cyclin A-associated kinase
activity. Dn.4 cells were synchronized at the G1/S border with HU. The
HU was removed, and extracts were prepared from cells at the desig-
nated intervals. Cyclin A immunoprecipitates were subjected to immu-
noblotting with an anti-cyclin A antibody (top), examined for associ-
ated kinase activity, using histone H1 as a substrate (middle), or
subjected to immunoblotting with an anti-Cdk2 antibody (bottom).
Arrowheads, exogenous (upper band) and endogenous Cdk2.

TABLE 1. Caffeine does not mediate premature DNA
condensation in cells with Cdk2-dn inductiona

Transfection
Condensed nuclei (%)b

1Tet 2Tet

No caffeine 5.3 6 0.9 3.2 6 2.6
Caffeine 20 6 2.0 5.1 6 2.4

a Cells were synchronized with HU, released for 4 h, incubated with 1 mM
caffeine for another 8 h, fixed, and stained with bisbenzimide (Hoechst).

b Mean 6 standard deviation from three independent experiments.
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cells arrested before or after nuclear DNA condensation, a
robust marker for prophase, the first stage of mitosis. We
synchronized cells with HU, released cells from this block, and
added nocodazole, to trap and quantitate cells reaching the
mitotic spindle checkpoint. We fixed the cells 24 h after release
from HU and stained nuclear DNA with bisbenzimide
(Hoechst). A large fraction of U2-OS cells that reach prophase
are arrested by nocodazole and show condensed nuclear DNA
(65). Flow cytometry showed that most cells without induction
were indeed arrested in the presence of nocodazole with a
G2/M DNA content (Fig. 8A, left) and that 30 to 40% of cells
had fully condensed nuclei (Fig. 8B and C, left). In contrast,
even though nearly half of the dn.4 cells and most of dn.5 cells
with Cdk2-dn induction achieved a G2/M DNA content (Fig.
8A, right), only 4 and 8%, respectively, had fully condensed
nuclear DNA (Fig. 8B and C, right). These data indicate that
the cells with induction of Cdk2-dn were arrested prior to
prophase.

We next used this experimental format to examine whether
the delay in progression to mitosis imposed by Cdk2-dn could
be abrogated by overexpression of Cdk2-wt. Dn.4 cells were
cotransfected with a vector expressing b-Gal and either a vec-
tor without insert or a vector expressing Cdk2-wt. As discussed
previously, this experiment was complicated by the fact that the
successfully transfected cells showed an increased fraction of
cells arrested at G1 phase and generally slower cell cycle pro-
gression; fewer cells progressed to fully condensed DNA under
these experimental conditions (data not shown). We therefore
scored the fraction of vector- or Cdk2-wt-transfected cells that
showed any distinct nuclear condensation, identified by an
examiner blinded to the treatment conditions as a marked
reduction in nuclear size and/or loss of an oval shape. Cdk2-dn
induction reduced the fraction of cells with nuclear condensa-
tion by 40% in the vector-transfected population, whereas in-
clusion of a Cdk2-wt cDNA insert in the transfection vector at
least partially abrogated this effect (Table 2). Flow cytometry
analyses of similarly treated cells indicated that Cdk2-wt trans-
fection also modestly decreased the fraction of cells that re-
tained G1 and S phase DNA contents and increased the frac-
tion of G2/M cells (data not shown).

Regulation of Cdk1. We next examined the effect of
Cdk2-dn induction on cyclin B levels and associated kinase
activity. Cells were synchronized at the G1/S and then G2/M
borders as before (Fig. 8), to minimize cell cycle position ef-
fects. We observed that cyclin B levels were reproducibly lower
at each stage in cells with Cdk2-dn induction, consistent with
recent evidence that hypophosphorylation of pRb and/or inhi-
bition of Cdk2-cyclin A activity at the G1/S transition may
decrease cyclin B stability in U2-OS cells (42) (Fig. 9A). How-
ever, cyclin B levels actually fell as cells progressed toward
G2/M in the absence of Cdk2-dn induction, and the difference
in cyclin B levels between uninduced and induced cells nar-
rowed as cells progressed toward G2/M (Fig. 9A). pRb was
hyperphosphorylated, as judged by its migration on polyacryl-
amide gels, with or without Cdk2-dn induction in the G1/S
synchronized cells but migrated slightly more rapidly in the
extract with Cdk2-dn induction (data not shown). pRb re-
mained largely hyperphosphorylated, with or without Cdk2-dn
induction, as the cells progressed toward G2/M (data not
shown).

FIG. 8 Cdk2-dn arrests cells in G2, prior to DNA condensation.
Dn.5 and dn.4 cells were synchronized at the G1/S border by incuba-
tion with HU for 24 h in the presence (left) or absence (right) of Tet.
HU was then removed, and nocodazole was added; 24 h after HU
release, portions of each culture were either collected for flow cytom-
etry or fixed and stained with bisbenzimide. (A) Flow cytometry pro-
files. G1 and G2/M fractions are outlined in black, S phase fractions are
hatched, and the percentage of cells in G2/M is shown above that peak.
(B) Representative fields with nuclear DNA stained by bisbenzimide.
Interphase nuclei are broad, oval, and pale; early mitotic nuclei
trapped by nocodazole are condensed, irregularly shaped, and bright.
(C) Quantitation of the results in panel B, expressed as the percentage
of nuclei in random high-power fields showing a condensed morphol-
ogy. The bars depict mean numbers plus or minus ranges from two
counts of more than 200 randomly chosen cells per condition. Similar
results were obtained in a second experiment (not shown).
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In addition to the modestly lower cyclin B levels in the cells
with Cdk2-dn induction, we observed accumulation of Cdk1 in
a form that migrated more slowly on polyacrylamide gel elec-
trophoresis (Fig. 9B). Inhibitory phosphorylation on threonine
14 and tyrosine 15 is known to reduce the electrophoretic
mobility of Cdk1 (58). We therefore examined whether the
slower-migrating form seen in cells with Cdk2-dn induction
reacted with an antibody generated against peptide K1Y15-P.
Immunoblotting with K1Y15-P antibody yielded a single major
band that comigrated with the slower-migrating Cdk1-reactive
species (Fig. 9B). Endogenous Cdk2 has an electrophoretic
mobility greater than that of Cdk1 (58) (data not shown), but
the HA tag on Cdk2-dn causes this protein to migrate at rate
similar to that of Cdk1. To confirm that the slowly migrating
species reactive with both anti-Cdk1 and anti-K1Y15-P anti-
bodies was not derived from cross-reactivity with Cdk2-dn, we
repeated the experiments following Cdk2-dn immunodeple-
tion, using an antibody directed against the HA tag. Depletion
of more than 90% of Cdk2-dn (see below) had no effect on the
intensity of either the slower-migrating Cdk1-reactive band or
the K1Y15-P-reactive band (data not shown). We conclude
that these bands represent tyrosine-phosphorylated Cdk1.

The results suggested that Cdk1 activation was likely inhib-
ited in cells with Cdk2-dn induction. Cdk1 was difficult to
immunoprecipitate directly, as has been observed by others,
but could be precipitated through associated cyclin B. We
immunoprecipitated cyclin B from extracts prepared with and
without Cdk2-dn induction. Immunoblotting with anti-Cdk1
and anti-K1Y15-P antibodies demonstrated the slowly migrat-
ing species, further confirming its identity as tyrosine-phospho-
rylated Cdk1 (Fig. 9B). We assayed kinase activity associated
with the immunoprecipitates using histone H1 as a substrate.
Cdk2-dn induction resulted in a strong reduction in cyclin
B-associated kinase activity, even after normalizing for the
amount of cyclin B immunoprecipitated (Fig. 9B). Similar re-
sults were obtained without prior synchronization with HU
(data not shown). Somewhat less Cdk1 was present in the
immunoprecipitates from Cdk2-dn-expressing cells than would
be expected from the level of the protein present in the ex-
tracts. Because most of this Cdk1 appears to be tyrosine phos-
phorylated, an event requiring prior cyclin binding, we infer
that the relative defect in immunoprecipitating Cdk1 is likely
due to changes in recovery of the complexes or accessibility of
the cyclin B epitope. Nonetheless, it is evident that the majority
of Cdk1 associated with cyclin B in the cells with Cdk2-dn
induction is in the slower migrating form (Fig. 9B). We con-
clude that the reduced levels of cyclin B-associated kinase

activity result both from reduced cyclin B levels and from
inhibitory phosphorylation of Cdk1.

We considered the possibility that sequestration of cyclin B
by direct binding to Cdk2-dn might contribute to the defect in
cyclin B-associated kinase activity. This scenario seemed un-

FIG. 9 Cdk2-dn-expressing cells arrest in G2 phase with moderately
reduced levels of cyclin B and greatly reduced activation of Cdk1. Dn.4
cells were synchronized with HU and then nocodazole, with or without
Cdk2-dn induction, as described in the legend to Fig. 8. Protein ex-
tracts were subjected to immunoblotting, with or without the following
immunoprecipitations. (A) Cyclin B (cycB) levels in S and G2/M
phases are moderately reduced by Cdk2-dn induction. Extracts were
prepared from cells at the end of treatment with HU (0 h) and at 12 h
and 18 h after release (rel) into nocodazole and subjected to immu-
noblotting for cyclin B and actin (loading control). Note that cyclin B
levels are strongly reduced by Cdk2-dn induction during the G1/S block
but only moderately reduced, compared to uninduced cells, at the
G2/M block. (B) Cdk1 activation is inhibited by Cdk2-dn induction.
(Top) Immunoblotting was performed on the 18-h extracts (left), nor-
malized by protein content, or cyclin B immunoprecipitates (right),
normalized for immunoprecipitated cyclin B (IP cycB), using anti-
cyclin B, Cdk1, and K1Y15-P antibodies. (Bottom) Kinase activity
associated with the normalized cyclin B immunoprecipitates was as-
sayed using histone H1 (HH1) as a substrate. C denotes immunopre-
cipitation with a negative control antibody (Ab). (C) Cdk2-dn does not
sequester cyclin B. Cdk-2dn was immunodepleted (ID) from the above
extracts, and the levels of cyclin B (top) and Cdk2-dn (detected
through its HA tag; bottom) remaining in the supernatant were as-
sayed by immunoblotting.

TABLE 2. Transfection of Cdk2-wt rescues the inhibition of DNA
condensation mediated by Cdk2-dn inductiona

Transfection
Condensed nuclei (%)b

1Tet 2Tet

Vector 66 6 6 40 6 10
Cdk2-wt 73 6 2 65 6 8

a Cells were transfected with vector or Cdk2-wt and incubated in medium with
or without Tet. The cells were then synchronized with HU, released in the
presence of nocodazole for 18 h, fixed, and stained with bisbenzimide.

b Mean 6 standard deviations from three independent experiments.
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likely, because Cdk2-wt induction should also compete with
Cdk1 for binding, yet Cdk2-wt induction had no demonstrable
cell cycle effect. Moreover, induction of Cdk2-dn during a
nocodazole block had no effect on progression through mitosis,
a process dependent on cyclin B-Cdk1 activity. Consistent with
this reasoning, we found that immunodepletion of Cdk2-dn
from the extracts did not significantly reduce the level of cyclin
B remaining in the supernatant, providing further evidence
against sequestration of cyclin B by Cdk2-dn (Fig. 9C).

Taken together, these experiments indicate a requirement
for Cdk2 in progression through S and G2 phases of the human
cell cycle, in addition to its previously described role at the
G1/S transition.

Other cell types. We then examined whether Cdk2-dn could
impose S and/or G2 arrests in other cell types. These experi-
ments were complicated by the fact that transient transfection
of Cdk2-dn appears to predispose to G1 arrest, potentially
outweighing S and G2 arrests mediated in asynchronous cul-
tures. We therefore performed experiments in 3T3 cells syn-
chronized in G1, allowing us to directly assess effects of
Cdk2-dn on progression into replicative phases. 3T3 cells were
deprived of serum for 66 h, yielding greater than 90% G1/G0

cells (data not shown). Serum was restored, and the cells were
cotransfected with a marker plasmid expressing b-Gal and
either an empty vector or one expressing Cdk2-dn. Continuous
BrdU labeling was used to monitor S-phase progression. No-
codazole was added at 30 h (late S phase [data not shown]) and
maintained until 48 h, to trap and quantitate cells reaching the
spindle checkpoint. 3T3 cells arrest prior to prophase in re-
sponse to spindle disruption, apparently due to an intact Chfr
checkpoint (65). We therefore released cells from the nocoda-
zole trap for 2 h prior to fixation and assessed the fraction of
cells that were able to condense their DNA. Cdk2-dn yielded a
dose-dependent reduction in the ability of BrdU-positive cells
to undergo DNA condensation (Table 3). In similarly designed
flow cytometry experiments in which nocodazole was omitted
and cells were fixed 40 h after serum stimulation, Cdk2-dn-
transfected cells showed a trend toward increased S-phase
fractions and a statistically significant 50% increase in the
G2/M fraction (four independent experiments [data not
shown]). These results suggest that Cdk2-dn can inhibit S- and

G2-phase progression in a nontransformed cell type. Prelimi-
nary experiments suggest that Cdk2-dn also mediates S and G2

arrests in HCT 116 colorectal carcinoma cells synchronized
with HU (data not shown).

DISCUSSION

Studies in diverse experimental systems have established
that Cdk2 must be activated to initiate DNA synthesis in higher
eukaryotes (52, 66). Similarly, increasing evidence suggests
that inhibition of Cdk2 is necessary and sufficient to prevent
S-phase entry in normal and neoplastic cells (29, 45, 49). Evi-
dence that Cdk2 performs other functions within the replica-
tive cycle has been limited. However, both human Cdk2 and
Cdk1 are highly homologous to the single major Cdk in yeast,
termed CDC28 in Saccharomyces cerevisiae and Cdc2 in
Schizosaccharomyces pombe (17, 38, 53, 72). Either human
protein can complement CDC28 mutants that arrest at the
G1/S or G2/M transition (17, 38, 47, 53). In addition, recent
evidence suggests that CDC28 may drive S-phase progression,
including events of semiconservative DNA replication distinct
from initiation (11). Based on these observations, Cdk2 may
also be expected to regulate multiple steps of cell replication.

To address the role(s) of Cdk2 in the mammalian cell cycle,
we generated U2-OS cell clones in which transcription of
Cdk2-dn can be efficiently induced. We found that induction of
Cdk2-dn could reproduce the G1 arrest observed following its
transient transfection (74). However, under standard growth
conditions, induction of Cdk2-dn preferentially inhibited pro-
gression through S and G2/M phases.

Specificity of the cell cycle effects. Do the arrests imposed by
Cdk2-dn result from defective Cdk2 function? Several lines of
evidence support this conclusion. In parallel experiments, in-
duction of Cdk2-wt to levels as high as those achieved for
Cdk2-dn did not cause discernible cell cycle effects. Based on
the crystal structure of the enzyme, the mutation would not be
expected to alter the enzyme’s interfaces with known binding
partners or substrates (9, 28). In agreement with this predic-
tion, exogenous Cdk2-wt and Cdk2-dn both associated with the
majority of cyclin A and E in the cell (Fig. 6), and thus far we
have detected no major differences in the composition of wt or
dn complexes immunoprecipitated from metabolically labeled
cells or sedimented through glycerol gradients (data not
shown). We also confirmed that Cdk2-dn did not bind to a
significant fraction of cyclin B and did not inhibit progression
through mitosis following release from a nocodazole block.
Finally, transfection of Cdk2-wt could at least partially prevent
the cell cycle arrests imposed by Cdk2-dn induction. A complex
scenario can be envisioned in which Cdk2 normally plays no
role in G2/M progression, but Cdk2-dn inhibits the G2/M tran-
sition by disrupting the function of an essential cyclin A-Cdk1
complex. In this scenario, both the exogenous Cdk2-wt and
Cdk2-dn sequester cyclin A from Cdk1 and overexpression of
Cdk2-wt artifactually complements the loss of cyclin A-Cdk1
kinase activity, by generating supraphysiologic levels of cyclin
A-Cdk2 kinase activity. However, this scenario seems unlikely,
because total cellular Cdk2 kinase activity remained near phys-
iologic levels in the setting of Cdk2-wt induction (data not
shown), probably because factors other than Cdk2 expression
are limiting. In sum, our results suggest that the observed cell

TABLE 3. Transfection of Cdk2-dn in serum-starved and
restimulated 3T3 cells blocks DNA condensation after

BrdU incorporationa

Ratio of
expression plasmid
to marker plasmid

BrdU-positive nuclei with
condensed DNA (%)b

Vector Cdk2-dn

1:1 77 6 1 53 6 9
2:1 75 6 5 39 6 4
4:1 78 6 2 28 6 1

a 3T3 cells were synchronized by serum starvation, restimulated with serum (0
h), and cotransfected (between 4 h and 10 h) with a plasmid expressing b-Gal and
either an empty vector or one expressing Cdk2-dn. BrdU was added at 10 and
24 h, to ensure continuous labeling of cells in DNA synthesis. Nocodazole was
added at 32 h and washed off at 48 h. The cells were fixed at 50 h. A least 100
b-Gal- and BrdU-positive cells were scored for each condition, to determine the
fraction with condensed DNA (stained with bisbenzimide).

b Means 6 standard deviation from four independent experiments for the 2:1
ratio; mean 6 range from two independent experiments for the 1:1 and 4:1
ratios.
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cycle inhibition is due to abrogation of Cdk2 function rather
than an artifact of Cdk2 overexpression or a gain of function
from the Cdk2-dn mutation.

Could the effects of Cdk2-dn on cell cycle progression be
mediated indirectly, through activation of DNA damage check-
point pathways that respond to damaged or unreplicated
DNA? Several observations argue against this possibility. p53
levels were not increased by Cdk2-dn expression, and p21
levels were no higher than in cells with Cdk2-wt induction.
Migration of Chk2 was also not detectably altered, and caffeine
did not rescue the cell cycle arrests. The observation that
U2-OS cells are defective in the Chfr spindle checkpoint (65)
suggests that this checkpoint pathway is also not involved in the
Cdk2-dn-mediated G2 arrest. We have not, of course, ruled out
activation of other checkpoint pathways that might be insen-
sitive to caffeine or that might proceed through biochemical
events not examined here (61). However, the observation that
Cdk2 inhibition can block Cdk1 activation in Xenopus egg
extracts in the absence of nuclei (23) further supports the
notion that Cdk2 plays a more direct role in mitotic entry.

S-phase arrest. Cdk2 has not previously been shown to be
required for efficient S-phase progression in mammalian cells.
Studies have revealed that origins fire at different points
throughout S phase in yeasts, and some mammalian genes are
preferentially replicated in late S phase, perhaps reflecting the
use of late-firing origins (67, 68). Cdk2 can phosphorylate in
vitro a number of substrates required for different steps of
DNA replication (75). Thus, Cdk2 function may be required
during S phase to activate late-firing origins and/or to drive
other events of DNA replication (11).

Expression of phosphorylation-resistant pRb mutants during
S phase delays DNA synthesis (6, 37, 79), an effect proposed to
be mediated by inhibition of cyclin A expression. Consistent
with this interpretation, our findings provide evidence that
Cdk2 activity drives S-phase progression. On the other hand, it
appears unlikely that the effects of Cdk2-dn are mediated
through activation of pRb, because we observed only a slight
reduction in pRb phosphorylation in HU-synchronized cells
with Cdk2-dn induction, and pRb remained hyperphosphory-
lated throughout S phase following release from the chemical
block.

E2F complexes are candidate targets for Cdk2 function dur-
ing S phase. Phosphorylation by Cdk2 complexes abrogates the
DNA binding activity of E2F-DP complexes in vitro (14, 39).
Expression of E2F mutants defective for Cdk2 binding can
delay progression through S phase, suggesting that inactivation
of E2F by Cdk2 may be required to complete S phase (40).
However, in our preliminary studies, transfection of a con-
struct expressing a dn mutant of DP-1, the E2F heterodimer-
ization partner, was unable to relieve S-phase inhibition im-
posed by Cdk2-dn (data not shown). Disruption of Cdk2
function in U2-OS cells through incubation with a peptide
derived from the Cdk2 binding domain of E2F1 has been
shown to result in apoptosis that is pronounced in serum-
starved cells (5). We did not observe substantial cell death until
Cdk2-dn had been induced for more than 3 days, perhaps
because our cells were maintained continuously in serum.

G2 arrest. An early experiment in mammalian cells that
pointed to a possible role for Cdk2 within replicative phases of
the cycle was the observation that microinjection of antibodies

directed against cyclin A into S-phase HeLa cells could prevent
subsequent cell division (56). This work has been extended by
recent microinjection studies in which manipulation of Cdk2
function by several means was found to influence G2/M pro-
gression (21, 42). Microinjection of either a phosphorylation-
resistant pRb mutant, which repressed cyclin A expression, or
p27KIPI in early-S-phase U2-OS cells decreased cyclin B stabil-
ity (42). Further evidence suggested that cyclin A-Cdk2 com-
plexes could stabilize cyclin B by phosphorylating and inacti-
vating Cdh1, a specificity factor for proteolysis by the
anaphase-promoting complex (42). Thus, this work suggests
that Cdk2 may contribute to G2/M progression by facilitating
accumulation of cyclin B. In a separate study, microinjection of
purified cyclin A-Cdk2 complexes in G2-phase HeLa cells was
found to accelerate entry into mitosis (21). Injection of cyclin
A complexed to an inactive Cdk2 mutant, different from the
mutant used in our studies, appeared to slightly delay mitotic
entry. A stronger delay was observed following microinjection
of the Cdk inhibitory domain of p21WAF1/CIP1. This delay was
not noted to alter the intensity of cyclin B immunofluorescent
staining but may have been mediated by inhibition of Cdk1,
because coinjection of Cdc25 could rescue the effect. Although
these studies did not demonstrate directly that Cdk2 is re-
quired for entry into mitosis, the results are in good agreement
with those presented here.

Several observations suggest that the G2/M arrest observed
in our U2-OS cell clones with Cdk2-dn induction occurs within
G2 rather than M phase: the arrested cells have uncondensed
DNA, low levels of cyclin B-associated kinase activity, and high
levels of tyrosine-phosphorylated Cdk1. Furthermore, induc-
tion of Cdk2-dn in nocodazole-arrested cells did not interfere
with mitosis following removal of the drug. Induction of
Cdk2-dn yielded moderately lower cyclin B levels, consistent
with the microinjection results in these cells (42). However, we
observed that cyclin B levels actually declined as U2-OS cells
progressed from S through G2/M in our experimental settings,
in the absence of Cdk2-dn induction, raising doubt as to
whether stabilization of cyclin B is a critical factor. Cells with
Cdk2-dn induction appear to have an additional block to the
activation of Cdk1, subsequent to cyclin B binding. These re-
sults point to a key role for Cdk2 in mediating entry into
mitosis.

Is the defect in mitotic entry in U2-OS cells with Cdk2-dn
induction the same as that present in the Cdk2-depleted Xen-
opus egg extracts and p21WAF1/CIP1-injected HeLa cells? In the
Xenopus egg extracts, Cdk2 depletion blocked activation of
exogenous cyclin B and appeared to favor inhibitory phosphor-
ylation of Cdk1, a process thought to follow cyclin B binding
(23, 50). These results are consistent with our observations in
U2-OS cells. The mitotic block in HeLa cells could be rescued
with co-injection of Cdc25 or active cyclin B-Cdk1 complexes.
Similarly, we have preliminary evidence that adenovirus-medi-
ated expression of a Cdk1 mutant resistant to inhibitory phos-
phorylation (30) can rescue the G2 block imposed by Cdk2-dn
(data not shown). Thus, we believe that the major defect re-
sulting from Cdk2 inhibition in each of these experimental
systems is an inability to activate cyclin B-Cdk1 complexes. We
suggest that inhibitory phosphorylation of Cdk1 is a default
state that is overcome by the peak in Cdk2 kinase activity
achieved during G2 phase and/or release of Cdk2 complexes
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from S-phase substrates. The notion that tyrosine phosphory-
lation of Cdk1 may limit normal cell cycle progression is sup-
ported by the observation that Cdk1 migrated in a slower-
migrating form as synchronized leukemia cells traversed G2

(10). Candidate targets of Cdk2 in Cdk1 regulation include
CDC25B (10), CDC25C (7), Mik1 (1), Protein phosphatase 2A
(27, 31), Pin1 (77), Plx1 (60), and Plkk 1 (60).

G2 versus late S. We have used the standard operational
definition that cells with fully replicated DNA, as judged by
flow cytometry, are in G2 or M phase. Whether such cells have
actually completed S phase or, instead, retain small amounts of
unreplicated DNA or DNA strand breaks cannot be deter-
mined. In fact, it has recently been demonstrated that approx-
imately 1% of the genome is replicated within 90 min of mi-
tosis in different mammalian cell types, within the period
standardly defined as G2 (76). The replication of specific se-
quences from autosomes and, in female cells, the inactivated X
chromosome appears to occur preferentially at the end of S
phase. If, indeed, Cdk2-dn preferentially arrests cells in late S
phase, then the blocked steps would appear to be distinct from
those performed earlier in S phase. This notion derives from
the observation that clones expressing only moderate amounts
of Cdk2-dn progress well through early and mid-S phase but
still arrest in late S/G2 (Fig. 5).

Implications. Our results provide strong evidence that Cdk2
is required not only for entry into the cell division cycle but also
for efficient progression through S and G2 phases. Our results
imply that physiologic cell cycle inhibitors may mediate S and
G2 arrests by targeting Cdk2. For example, p21WAF1/CIP1 is
induced in response to irradiation and contributes to G2 arrest
(3, 15). During the arrest Cdk1 becomes tyrosine phosphory-
lated, an effect thus far ascribed to other events, such as direct
Chk1-mediated inhibition of CDC25 (4, 20, 63). p21WAF1/CIP1

is known to bind primarily to Cdk2 in this setting (59). Our
results suggest that inhibition of Cdk2 by p21WAF1/CIP1 may
also foster tyrosine phosphorylation of Cdk1. In the same vein,
recent experiments suggest that transient overexpression of
cyclin E-Cdk2 can relieve the G2/M arrest mediated by trans-
forming growth factor b in Mv1Lu cells (80) and sustained
overexpression can contribute to chromosomal instability (69).
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