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Cdk1 was proposed to compensate for the loss of Cdk2. Here we present evidence that this is possible due to premature
translocation of Cdk1 from the cytoplasm to the nucleus in the absence of Cdk2. We also investigated the consequence
of loss of Cdk2 on the maintenance of the G1/S DNA damage checkpoint. Cdk2�/� mouse embryonic fibroblasts in vitro
as well as regenerating liver cells after partial hepatectomy (PH) in Cdk2�/� mice, arrest promptly at the G1/S checkpoint
in response to �-irradiation due to activation of p53 and p21 inhibiting Cdk1. Furthermore re-entry into S phase after
irradiation was delayed in Cdk2�/� cells due to prolonged and impaired DNA repair activity. In addition, Cdk2�/� mice
were more sensitive to lethal irradiation compared to wild-type and displayed delayed resumption of DNA replication in
regenerating liver cells. Our results suggest that the G1/S DNA damage checkpoint is intact in the absence of Cdk2, but
Cdk2 is important for proper repair of the damaged DNA.

INTRODUCTION

Cyclin-dependent kinases (Cdks) are a family of serine/
threonine kinases that represent the core of the cell cycle
machinery. Successive waves of Cdk activity control initia-
tion and progression through the eukaryotic cell cycle in
response to both intracellular and extracellular signals. Cdks
form active heterodimeric complexes following binding to
cyclins, their regulatory subunits (for review see Morgan,
1997). Cdk4 and Cdk6 are thought to be involved in early
G1, whereas Cdk2 was believed to be essential to complete
G1 and to initiate S phase. Cdk4 and Cdk6 form active
complexes with D-type cyclins to initiate the cell division
cycle by phosphorylating the retinoblastoma protein (Rb).
Late in the G1 phase, Cdk2/cyclin E complexes complete Rb
phosphorylation and drive cells through the restriction
point (for review see Weinberg, 1995; Mittnacht, 1998). In
this context it was believed that Cdk2 is solely responsible
for the G1/S phase transition with cyclin E and later in
complex with cyclin A is essential for S phase progression.
On the other hand, Cdk1 in association with cyclin B is
essential to control entry into and exit from mitosis (Dunphy
et al., 1988; Riabowol et al., 1989; Izumi and Maller, 1993; Pan
et al., 1993; Labib et al., 1995).

Superimposed on the regulation of the cell cycle are a
number of checkpoint mechanisms, which are not essential
for cell cycle progression but are critical for the cellular
response to stress, including abnormal mitogenic stimuli
and DNA damage. In response to DNA damage, cell cycle
checkpoint pathways are activated, which results in arrest in

G1, regulating progression through S phase and preventing
entry into mitosis with unrepaired damage (Murray, 1994; Li
and Nicklas, 1995; Elledge, 1996; O’Connor, 1997; Mercer,
1998; Shackelford et al., 1999; Lukas et al., 2004; Sancar et al.,
2004; O’Connell and Cimprich, 2005; Houtgraaf et al., 2006).
The G1 cell cycle checkpoint is primarily responsible for
preventing damaged DNA from being replicated and results
among other things in the ataxia telangiectasia mutated
(ATM)/ATM- and Rad3-related (ATR)-mediated activation
of p53. Activation of p53 inhibits its nuclear export and
degradation, thus resulting in increased levels of p53 (Mor-
gan and Kastan, 1997; Schwartz and Rotter, 1998; Chaurvedi
et al., 1999; Hall-Jackson et al., 1999; Cuddihy and Bristow,
2004; Helt et al., 2005). p53 then activates one of its down-
stream targets, p21Cip1/Waf1, which binds to and inhibits
Cdk2/cyclin E complexes, thereby arresting cells at the
G1/S checkpoint (Adams et al., 1996; Poon et al., 1996; Bru-
garolas et al., 1999). Analysis of p21-deficient cells revealed
that the p21 protein is essential for arresting cells at the G1/S
checkpoint because p21�/� cells bypass the G1/S arrest in
response to DNA damage induced by irradiation (Deng et
al., 1995). On the other hand, DNA damage also induces G2
arrest even in the absence of p21 or p53, but p53 and p21
appear to be essential for prolonged G2/M arrest (Bunz et
al., 1998). Cells lacking p53 arrest transiently in G2, with
Cdk1 extensively phosphorylated at the inhibitory sites
Thr14 and Tyr15 and with both Cdk1 and cyclin B1 re-
stricted to the cytoplasm (Herzinger et al., 1995). In the
presence of p53, p21 is induced and inhibits Cdk1, thereby
contributing to prolong the G2/M arrest (Bunz et al., 1998).
Activation of the DNA damage checkpoint and a transient
cell cycle block in response to irradiation allows cells to
induce DNA repair. Many proteins that are involved in
DNA repair and that are activated by the ATM/ATR path-
way are enriched in the nucleus and form DNA damage foci
at broken chromosomes. After successful repair, these foci
are cleared from the nucleus. These proteins include phos-
phorylated �-H2AX, an extensively studied DNA repair pro-
tein involved in double-strand break (DSB) repair that in
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turn promotes the assembly of several checkpoint and DNA
repair factors including 53BP1, MDC1, NBS1, and BRCA1 at
the site of DNA damage (Schultz et al., 2000; Rappold et al.,
2001; Celeste et al., 2002; Stewart et al., 2003; Lee et al., 2005).

Recently it was discovered that Cdk2, the kinase activated
by both E-type and A-type cyclins, is dispensable for mouse
development. Cdk2�/� embryonic fibroblasts proliferate in
culture with a slight delay in S phase entry, indicating that
Cdk2 activity is not essential for mitotic cell divisions (Ber-
thet et al., 2003; Ortega et al., 2003). Further studies uncov-
ered that other kinases, especially Cdk1, compensate for
Cdk2’s loss by driving cells through G1/S transition in
association with cyclin E (Aleem et al., 2005). Previous stud-
ies have shown that in a wild-type background, Cdk1 trans-
locates to the nucleus during mitosis after nuclear break-
down (Bailly et al., 1989; Moore et al., 1999). If Cdk1 has to
execute the G1/S transition in the absence of Cdk2, an
earlier translocation of Cdk1 to the nucleus would be re-
quired but has not yet been demonstrated. Nevertheless, it
cannot be excluded that Cdk1 can compensate for Cdk2
even when localized to the cytoplasm. Therefore, we ad-
dressed whether the loss of Cdk2 will affect Cdk1’s translo-
cation because Cdk1 has to execute both G1/S and G2/M
transitions. In addition, the finding that Cdk1/cyclin E sub-
stitutes for Cdk2/cyclin E presents an intriguing twist for
the G1/S DNA damage checkpoint and raises several ques-
tions. How is the p53 pathway controlled and how is p21
regulated in the absence of its target Cdk2 and will it be
induced or not? If p21 is induced, are the cells arrested at the
G1/S checkpoint or will they bypass the G1/S checkpoint in
the absence of Cdk2 because p21 has no target to inhibit?
Furthermore, if the translocation of Cdk1 occurs in the ab-
sence of Cdk2, is it affected in response to DNA damage at
the G1/S transition? Another important question is, if p21 is
able to arrest cells at G1/S even in the absence of Cdk2, will
the arrest be sufficient and long enough for the cells to repair
their damaged DNA and resume DNA replication? One
study has shown that loss of Cdk2 is dispensable for the
G1/S arrest in response to radiation damage. In addition,
overexpression of either p21 or p27 arrests Cdk2�/� cells at
both G1/S and G2/M checkpoints (Martin et al., 2005), but
the molecular mechanism behind the G1/S checkpoint
maintenance in the absence of Cdk2 has not been explored.
Furthermore it was described that in yeast, Cdk1 is required
for DSB induced by recombinational repair (Caspari et al.,
2002; Ira et al., 2004) but in mammalian cells it has not been
determined which Cdk fulfills this function. In addition, a
recent study demonstrated that cyclin A1 is essential for
DNA DSB repair and the repair function of cyclin A1 de-
pends on Cdk2 (Müller-Tidow et al., 2004). Nevertheless, the
effects of irradiation-induced DNA damage and the result-
ing repair activity in the absence of Cdk2 has not yet been
studied in vivo.

In the present study we have investigated the conse-
quence of loss of Cdk2 on the subcellular translocation of
Cdk1 at different phases of the cell cycle. In addition, we
explored the impact of loss of Cdk2 on the maintenance of
the G1/S DNA damage checkpoint and concomitant repair
of damaged DNA in response to irradiation in cells as well
as in animals. We show that Cdk1 shuttles between cyto-
plasm and nucleus, and the translocation of Cdk1 from
cytoplasm to nucleus occurs earlier in the absence of Cdk2
and was not influenced substantially by irradiation. We also
describe that synchronized Cdk2�/� mouse embryonic fibro-
blasts (MEFs) in vitro as well as regenerating liver cells after
partial hepatectomy (PH) in Cdk2�/� mice, arrest at the
G1/S checkpoint in response to �-irradiation. We describe

that the p53-p21 pathway is intact in the absence of Cdk2
and the induced p21 inhibits Cdk1 to arrest cells at the G1/S
transition. In addition, we found that the arrested Cdk2�/�

cells entered into S phase delayed in response to irradiation
due to prolonged and impaired DNA repair activity. Our
results indicate that Cdk2 contributes to DNA repair in vivo.

MATERIALS AND METHODS

Preparation of MEFs, Cell Culture,
and Irradiation of Cells
MEFs were prepared as described previously (Berthet et al., 2003) from
littermate 13.5 dpc (days post-coitus) Cdk2�/� and Cdk2�/� embryos. MEFs
were cultured in DMEM medium (Invitrogen, Carlsbad, CA; 10569-010) sup-
plemented with 10% fetal bovine serum (FBS; Gemini Bioproducts, West
Sacramento, CA; 100-106) and 1% penicillin streptomycin (Invitrogen; 15140-
122) in a CO2 incubator (5% CO2 and 20% O2) at 37°C. Cells were passaged
serially in vitro, and P3 cultures were used for this study. MEFs prepared
from three separate embryos from three different females were used for each
experiment. For experiments involving serum starvation and stimulation,
cells were washed twice with phosphate-buffered saline (PBS), collected by
trypsinization from P3 cultures, cultured in DMEM medium with 0.1% FBS at
a density of 2.5 � 106 cells in 10-cm culture dishes for 96 h, and stimulated
with 10% FBS in DMEM medium for the indicated time points.

For irradiation studies, P3 MEFs growing in DMEM medium supplemented
with 10% FBS were washed two times with PBS, trypsinized, and plated at a
density of 2.5 � 106 in 10-cm culture dishes containing DMEM medium with
0.1% FBS. After 96 h of serum starvation cells were washed with PBS,
trypsinized, and collected in 12-ml Falcon tubes (Becton Dickinson Labware,
Bedford, MA) containing 5 ml DMEM with 10% FBS. The cells were imme-
diately irradiated in a �-irradiator with doses of either 5 or 10 Gy. After
irradiation the cells were replated (10-cm culture dishes) and collected at the
indicated time points for cell cycle profiles and whole cell lysate preparations.

AlamarBlue Cell Proliferation Assay
Proliferation of Cdk2�/� and Cdk2�/� MEFs in response to 5- and 10-Gy
irradiation was analyzed in 96-well plates. Triplicates of 1500 cells/well for
each sample were seeded and the proliferation rate of the cells was measured
by using the AlamarBlue proliferation assay (Biosource, Camarillo, CA;
DAL1100; Ahmed et al., 1994). Complete medium with 10% AlamarBlue was
added to each well and a fluorescent reading (Novostar, BMG Labtechnolo-
gies, Offenburg, Germany) was carried out after 4 h. Triplicate wells were
measured every day for up to 7 d.

Immunocytochemistry and Confocal Microscopy
Serum-starved (DMEM medium with 0.1% FBS, 96 h) and stimulated (DMEM
medium with 10% FBS) cells from 10-cm culture dishes (with 5-Gy irradiation
or without irradiation) were transferred on to coverslips in 12-well plates at a
density of 1 � 105 and probed with specific antibodies at 0, 6, 12, 18, 24, and
30 h after stimulation. For immunofluorescence microscopy, the cells were
washed twice with cold PBS, fixed with ice-cold acetone-methanol (1:1) for 5
min, and washed three times with ice-cold PBS. The cells were then perme-
abilized with 0.5% NP-40 for 10 min, washed three times with ice-cold PBS,
and incubated with specific primary antibodies at 4°C overnight. The follow-
ing primary antibodies were used for immunocytochemistry: anti-Cdk2, anti-
Cdk1 (Berthet et al., 2003; 1:200 dilution), anti-p21 (Santa Cruz Biotechnology,
Santa Cruz, CA, sc-6246, 1:200), anti-phospho-H2AX [Ser139] (Chemicon,
Temecula, CA; AB3369 1:100 dilution), and phospho-(Ser/Thr) ATM/ATR
substrate antibody (Cell Signaling, Beverly, MA; 2851S, 1:100 dilution). Cells
were washed three times with PBS and incubated with either AlexaFluor488
goat anti-mouse (Molecular Probes, Eugene, OR; 47759A) or AlexaFluor568
goat anti-rabbit (Molecular Probes; A11011) secondary antibodies for 30 min
at room temperature. The coverslips were washed three times with PBS,
air-dried for 10 min, and mounted with fluorescence mounting medium
(Vectashield, H-1200; Vector Laboratories, Burlingame, CA) containing 4�,6�-
diamidino-2-phenylindole (DAPI). The optical single slice images were cap-
tured with a confocal laser-scanning microscope LSM510 (Zeiss, Thornwood,
NY). The foci in the images were automatically extracted using an in-house
MATLAB based application (Release 7.3, Mathworks, Natick, MA). First, we
equalized the histogram of the red channel (or the channel containing the foci)
in order to use the complete dynamic range of 256-Gy-level intensities. Next,
we suppressed the background noise with a gray-scale morphological closing.
Then, we applied a threshold algorithm to identify all pixels whose intensity
values were within the range of [(1/3) (2/3)] (max_c � min_c), where max_c
and min_c denote the maximum and minimum intensity values after gray-
scale morphological closing operation, respectively. In the final step, we
removed regions that were smaller than 2 pixels. The anti-phospho-H2AX
(Ser139) foci and phospho-(Ser/Thr) ATM/ATR substrate foci per nucleus
was counted in a minimum of 200 nuclei at each time point for each sample.
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Anti-BrdU-Propidium Iodide Double Staining of Cells
Analyzed by Fluorescence-activated Cell Sorting
Cells were pulse-labeled with 10 �M final concentration of BrdU (5-bromo-
2�-deoxyuridine, Molecular Probes, B23151) for 2 h before collection, washed
once with PBS, trypsinized, and collected by centrifugation at 1000 rpm for 5
min. The cell pellet was resuspended in 1 ml of 1% bovine serum albumin
(BSA) in PBS and centrifuged at 1000 rpm for 5 min at room temperature. The
pellet was resuspended in 200 �l of PBS, fixed in 5 ml of ice-cold 70% ethanol
by adding ethanol drop by drop while vortexing, and incubated on ice for 30
min. The cells were centrifuged at 1000 rpm for 5 min at 4°C and the
supernatant was aspirated. The pellet was washed once with 5 ml of PBS/1%
BSA and resuspended in 1 ml of 2 N HCl � 0.5% Triton X-100 at room
temperature for 20 min. After centrifugation at 1000 rpm for 5 min, the
supernatant was aspirated, and the pellet was resuspended in 1 ml of 0.1 M
NaB4O7, pH 8.5. The pellet was incubated for 5 min, centrifuged at 1000 rpm
for 5 min, washed once with 5 ml PBS/1% BSA, resuspended in 1 ml of 0.5%
Tween-20/1% BSA/PBS, and the cell concentration was adjusted to achieve
1 � 106 cells per test. Then the cells were incubated with 1 �g of anti-BrdU-
AlexaFluor488 antibodies (Molecular Probes, A21308) for 45 min at room
temperature, washed once in 5 ml of 0.5% Tween-20/1% BSA/PBS, centri-
fuged at 1000 rpm for 5 min, and resuspended in 0.5 ml of PBS � 5 �g (final
concentration) of propidium iodide � 10 �l of 10 mg/ml RNase A. All the
centrifugation steps were done in an RC-3B refrigerated centrifuge using a
HG-4L rotor (Sorvall Instruments, Newton, CT). The serum-stimulated non-
irradiated and serum-stimulated irradiated (5 Gy) cells were collected at 12,
18, 24, and 30 h for cell cycle profiles. Flow cytometric analysis was carried out
with a FACScan (Becton Dickinson, Franklin Lakes, NJ) equipped with the
Cellquest software. The acquisition was analyzed using the FlowJo 8.1.1
software (PowerPC, Intel, Mountain View, CA).

Comet Assay
P3 MEFs were serum-starved (0.1% FBS) for 96 h, trypsinized, and collected
in 5 ml DMEM with 10% FBS in 15ml Falcon tubes (2097), and 2.5 � 106 cells
per 5 ml of DMEM/10% FBS were irradiated immediately with either 5 or 10
Gy. After irradiation, the cells were replated in 10-cm culture dishes and
collected 2 and 18 h after irradiation for comet assays. The nonirradiated
serum-starved and stimulated cells served as control. The comet assay (Singh
et al., 1988, 1994) was done according to the manufacturer’s protocol
(CometAssay HT Sample, 4252–040-K, Trevigen, Gaithersburg, MD). The
experiments were done in triplicate, and at least 100 cells were analyzed per
sample. The amount of DNA damage was scored as high damage or low
damage on the basis of the migration of the comet tails.

Mice, Irradiation, and Surgical Procedures
Mice were housed under standard conditions and were maintained on a 12-h
light/dark cycle. Mice were fed a standard chow diet containing 6% crude fat
and were treated in compliance with the National Institutes of Health guide-
lines for animal care and use.

For irradiation studies mice were subjected to 11 Gy in a �-irradiator. Two
hours after irradiation the mice were operated together with nonirradiated
mice that served as control. Twelve-week-old Cdk2�/� and Cdk2�/� male mice
were used for this study, and all the animals were operated under sterile
conditions in the early hours of the day between 9 am and 12 pm, as described
previously (Satyanarayana et al., 2003). Mice were anesthetized by a single
intraperitoneal injection of avertin and were subjected to 70% PH. The left
lateral, left median, and right median lobes were separately isolated and then
removed with a single ligature. Care was taken to avoid disruption of the
portal vein, biliary tract, or gallbladder. All animals resumed normal activities
promptly after recovering from anesthesia. After 2 h of BrdU labeling, mice
were euthanized at 24 (n � 3), 36 (n � 3), 48 (n � 4), 72 (n � 4), and 96 (n �
4) h after PH. For BrdU pulse labeling, 10 �l/g body weight labeling reagent
(10:1 ratio, 5-bromo-2-deoxyuridine and 5-fluro-20-deoxyuridine, cell prolif-
eration kit, RPN20, Amersham Pharmacia, Piscataway, NJ) was administered
intraperitoneally 2 h before they were euthanized. After the mice were eu-
thanized, a portion of the liver lobe was snap-frozen in liquid nitrogen and
stored at �80°C for preparation of whole cell lysates. The remaining lobe was
fixed in 10% buffered neutral Formalin (Sigma, St. Louis, MO; HT50-1-128) for
sectioning and immunohistochemical stainings.

BrdU Immunohistochemical Stainings
Formalin fixed liver sections (5 �m thick) were deparaffinized and then
denatured in 4 N HCl for 20 min at 37°C. The sections were briefly rinsed once
in “Holme’s Boric Acid–Borax Buffer pH 7.6” [(85 ml of boric acid (12.37 g/l)
�15 ml borax/sodium borate (19.07 g/l)] and incubated in prewarmed 0.01%
trypsin for 3 min at 37°C. After rinsing in PBS, the endogenous peroxidase
activity was blocked by incubating in 0.3% hydrogen peroxide in methanol
for 30 min. The primary (biotinylated anti-BrdU antibody, DAKO, Carpinte-
ria, CA; M0744) and secondary antibodies (anti-mouse streptavidin-peroxi-
dase antibody) and DAB substrate steps were performed according to the
manufacturer’s instructions (DAKO, K3954).

Immunoblotting
Whole cell lysates from P3 MEFs and frozen liver samples were prepared as
described previously (Berthet et al., 2003). For Western blotting, 50 �g of
protein was separated on 12.5% precast gels (Bio-Rad, Richmond, CA), trans-
ferred onto Immobilon-P transfer membrane (Millipore, Bedford, MA,
IPVH00010) and probed with specific primary antibodies. The primary anti-
bodies used were as follows: Cdk2, Cdk1 (as described previously; Berthet et
al., 2003), p53 (Cell Signaling, 2524), p21 (Santa Cruz, sc-6246), and phospho-
Cdk1 [Tyr15] (Cell Signaling, 91115). All the antibodies were used at a
dilution of 1:1000. For coimmunoprecipitations, (Cdk2-p21, Cdk1-p21), 250
�g of protein from cell lysates or 500 �g of protein from liver extracts and 7
�l of Cdk2-coupled agarose A beads (as described; Berthet et al., 2003) and
Cdk1-coupled agarose A beads (Santa Cruz, sc-54AC) were used.

RESULTS

Cdk1 Translocates Prematurely to the Nucleus in the
Absence of Cdk2
One of the aspects of mitotic regulation is the activation and
translocation of Cdk1/cyclin complexes and their regulatory
enzymes between specific subcellular compartments that in
turn regulates the timing of entry into mitosis (Pines, 1995).
Cdk1/cyclin B1 complexes associate with microtubules dur-
ing interphase but translocate into the nucleus at the G2/M
transition to allow phosphorylation of nuclear substrates
critical for mitosis (Bailly et al., 1989, 1992). According to the
current model, signals elicited by DNA damage in S and G2
phases prevent mitotic entry by inhibiting both activation
and nuclear import of Cdk1/cyclin B1 (Jin et al., 1998; Yang
and Kornbluth, 1999). On the basis of recent finding that
Cdk1 substitutes for Cdk2 function at the G1/S transition
(Aleem et al., 2005), it is interesting to explore whether the
trafficking of Cdk1 is affected in order to execute the G1/S
transition in the absence of Cdk2. To better understand the
translocation of Cdk1 in the absence of Cdk2, we determined
the localization of Cdk1 in serum-starved and stimulated
wild-type and Cdk2�/� MEFs at different stages of cell cycle
by immunofluorescence (Figure 1). Our study revealed that
in wild-type cells, Cdk1 was present mainly in the cyto-
plasm in the serum-starved cells. At 6, 12, and 18 h after
serum stimulation, when cells are mainly in the G1 phase,
G1/S transition, and the initiation of S phase of cell cycle,
Cdk1 remained in the cytoplasm (Figure 1, B1–B3). Twenty-
four hours after serum stimulation, which represent the
peak of S phase, a fraction of cells (�20%) displayed nuclear
localization of Cdk1, and 30 h after stimulation Cdk1 was
localized to the nucleus in the majority of wild-type cells
(�65%; Figure 1, B4 and B5).

In contrast to the trafficking of Cdk1 in wild-type cells,
Cdk2�/� cells showed a different translocation pattern of
Cdk1 (Figure 1). Most of the cells (�60%) displayed nuclear
localization of Cdk1 as early as 12 h after serum stimulation,
and in a fraction of cells (�15%) Cdk1 nuclear localization
was observed as early as 6 h after serum stimulation in
Cdk2�/� cells (Figure 1, D1 and D2). At later time points (18,
24, and 30 h), Cdk1 was found predominantly in the nucleus
(in �75% of cells; Figure 1, D3–D5). This indicates that Cdk1
translocates to the nucleus earlier in the absence of Cdk2,
which enables Cdk1 to compensate for the loss of Cdk2 and
execute the G1/S transition. In addition, immunofluores-
cence studies revealed that Cdk2 was present predomi-
nantly in the nucleus (between 6 and 30 h after serum
stimulation) in wild-type cells (Figure 2, B1–B5; Moore et al.,
1999) and was not detected in Cdk2�/� cells irrespective of
the cell cycle stage as expected (Figure 2, D1–D5).
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Cdk2 Is Dispensable for G1/S DNA Damage
Checkpoint Arrest
All eukaryotic cells have evolved a multifaceted response to
counteract the potentially deleterious effects of DNA dam-
age. In response to DNA damage, checkpoints (G1, S, and
G2/M) are activated to arrest cell cycle progression allowing
time for repair (Kaufmann, 1995; O’Connor, 1997; Lukas et
al., 2004; Sancar et al., 2004; Houtgraaf et al., 2006). The G1
cell cycle checkpoint prevents damaged DNA from being
replicated, and central to this checkpoint is the activation of
the p53-p21 pathway (Morgan and Kastan, 1997; Schwartz
and Rotter, 1998). The activated p53 induces p21, which
binds to and suppresses Cdk2/cyclin E activity, thereby
resulting in G1 arrest (Brugarolas et al., 1999; Maeda et al.,
2002). To identify the consequence of loss of Cdk2 on the
maintenance of the G1/S checkpoint arrest, serum-starved
Cdk2�/� and wild-type cells were �-irradiated, immediately
stimulated by 10% FBS, and cell cycle progression was mea-
sured by BrdU incorporation at different time points (0–30 h
after stimulation). In response to serum starvation, �90% of
the cells were in the G0 phase of the cell cycle in both
wild-type and Cdk2�/� cultures (data not shown). At 12 h
after serum stimulation only 3% of wild-type and 1% of
Cdk2�/� nonirradiated cells displayed BrdU incorporation.
In contrast, few cells were detected in S phase in wild-type
and Cdk2�/�-irradiated cells 12 h after serum stimulation
(data not shown). After 18 h of serum stimulation, nonirra-

diated Cdk2�/� cells displayed a slightly delayed S phase
entry in comparison to wild-type cells (Figure 3 B and C), as
has been described (Berthet et al., 2003). On the other hand,
after �-irradiation few Cdk2�/� cells entered S phase with
concomitant accumulation of cells in G1 phase, whereas
wild-type cells already started to enter S phase (Figure 3, D
and E). At later time points (24 and 30 h after serum stim-
ulation), we observed that both wild-type and Cdk2�/� cells
were progressing through S phase after radiation damage
but it appeared that the G2/M progression was delayed
with more cells accumulating in the G2 phase of the cell
cycle (Figure 3, A5–A8, D, and E). In addition, careful anal-
ysis of the cell cycle profile in irradiated cells revealed that
even though both wild-type and Cdk2�/� cells were reenter-
ing S phase after radiation damage, DNA replication ap-
peared to be further delayed in Cdk2�/� cells (Figure 3, D
and E). This analysis indicates that Cdk2 is not necessary for
cells to arrest at the G1/S DNA damage checkpoint in re-
sponse to radiation damage but Cdk2 might be involved in
DNA repair.

We aimed to explore the DNA damage response in vivo to
confirm and extend our results in MEFs. To this end, we
used liver regeneration as a model system to study cell cycle
initiation and progression in the regenerating liver of non-
irradiated and 11 Gy whole body irradiated wild-type and
Cdk2�/� mice after PH. The liver is a mitotically inactive
organ, with more than 90% of the cells in the G0 phase of the

Figure 1. Cdk1 translocates early to the nu-
cleus in the absence of Cdk2. Immunocyto-
chemical staining of Cdk1 in Cdk2�/� and
Cdk2�/� MEFs at different time points after
serum stimulation. Localization of Cdk1 was
detected by rabbit anti-Cdk1 antibodies fol-
lowed by AlexaFluor568 goat anti-rabbit anti-
bodies (red; B1–B5 and D1–D5), and the nuclei
were counterstained with DAPI (blue; A1–A5
and C1–C5). The images were captured with a
laser confocal microscope (63�). The repre-
sentative pictures are from one of three inde-
pendent stainings. Scale bar, 10 �m in every
panel.
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cell cycle. In response to PH, liver cells reenter the cell cycle
in a highly synchronized manner and regenerate lost mass
by one to two rounds of replication within a week, thus
representing one of the best models to study in vivo cell
cycle initiation and progression (Fausto, 2000; Kountouras et
al., 2001). In response to PH, S phase initiation occurs at 24 h
and peaks at 48 h, and the first round of replication is
completed at approximately 72 h (Fausto, 2000; Satyanaray-
ana et al., 2004). We monitored the initiation and progression
of the cell cycle between 24 and 96 h after PH and observed
that the onset of S phase is slightly delayed in nonirradiated
Cdk2�/� mice compared with wild-type mice (Figure 4),
similar to MEFs (see Figure 3). The initiation and the peak of
S phase were not altered, but the percentage of BrdU-posi-
tive cells was lower at 24, 36, and 48 h after PH in Cdk2�/�-
regenerating livers compared with wild-type livers (Figure
4, A, B, and E). As a result of this delay, increased numbers
of BrdU-positive cells were observed at 72 and 96 h after PH
in Cdk2�/� mice (Figure 4, A, B, and E). In response to 11-Gy
irradiation and PH, both wild-type and Cdk2�/� mice dis-
played substantial differences in the initiation of S phase in
the regenerating livers. Few BrdU-labeled cells were de-
tected at 24 and 36 h after PH in both genotypes (Figure 4F).
The initiation of S phase occurred at 48 h, and the S phase
peak was observed at 72 h after PH in wild-type regenerat-
ing livers (Figure 4, C and F). In contrast to the irradiated
wild-type mice, we detected a reduced number of cells in S

phase 48 and 72 h after PH in Cdk2�/� mice, and the re-
sumption of S phase was observed at 96 h (Figure 4, D and
F). This observation demonstrates that liver cells are arrest-
ing at the G1/S transition during liver regeneration in both
wild-type and Cdk2�/� mice. In addition, Cdk2�/� liver cells
require additional time (�24 h more) compared with wild-
type liver cells to enter S phase after arresting at the G1/S
checkpoint in response to radiation damage. In this context
it is important to analyze the consequence of loss of Cdk2 on
the activity of the p53-p21 pathway because the G1/S DNA
damage checkpoint is maintained by an inhibitory interac-
tion between p21 and Cdk2/cyclin E complexes in wild-type
mice and cells.

Activation of the p53-p21 Pathway in Response to
Radiation Damage Is Unaffected by the Loss of Cdk2
The ATM/ATR-mediated activation of p53 and the concom-
itant induction of p21 is a well-described molecular event in
response to radiation-induced DNA damage (for review see
Kaufmann, 1995; Morgan and Kastan, 1997; Lukas et al.,
2004). Induction of p21 inhibits Cdk2/cyclin E activity,
thereby arresting cells at the G1/S checkpoint (Brugarolas
et al., 1995; Brugarolas et al., 1999). To explore whether the
loss of Cdk2 affects the activation of the p53-p21 pathway,
we monitored the timing of induction of p53 and p21 at
protein level in irradiated MEFs and in regenerating liver
of wild-type and Cdk2�/� mice (Figure 5). We did not

Figure 2. Cdk2 resides predominantly in the
nucleus irrespective of cell cycle stage. Immu-
nofluorescence staining of Cdk2 in serum-
stimulated Cdk2�/� and Cdk2�/� MEFs at dif-
ferent time points. Cdk2 localization was
detected by rabbit anti-Cdk2 antibodies fol-
lowed by AlexaFluor568 goat anti-rabbit anti-
bodies (red; B1–B5 and D1–D5) and the nuclei
were counterstained with DAPI (blue; A1–A5
and C1–C5). The images were captured with a
laser confocal microscope (63�). The repre-
sentative pictures are from one of three inde-
pendent stainings. Scale bar, 10 �m in every
panel.
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detect any significant difference in the timing of induction
of p53 between wild-type and Cdk2�/� MEFs after irradi-
ation and serum stimulation (Figure 5B). Even though p53
induction was similar in wild-type and Cdk2�/� cells, it
appears that p21 induction was slightly delayed in
Cdk2�/� cells (Figure 5B, third panel from top). In contrast
to the irradiated and serum-stimulated cells, we detected
no significant induction of either p53 or p21 in nonirradi-
ated serum-stimulated cells as expected (Figure 5A, third
panel from top). Similar to in vitro observations, we also
found activation of the p53 pathway in vivo in response to
irradiation and PH. Induced expression of p53 was ob-
served in the regenerating livers of both wild-type and
Cdk2�/� mice in response to 11-Gy whole body irradiation
(Figure 5D, third panel from top). Increased levels of p21
were observed at 36 –96 h after irradiation and PH with
similar results for both genotypes (Figure 5D, fourth
panel from top). In addition, we detected a slight induc-

tion of p21 in the regenerating livers of nonirradiated
mice (Figure 5C, fourth panel from top). This is in accor-
dance with the previous results describing the induction
of p21 during liver regeneration after PH, which is essen-
tial for controlled growth of the remnant liver mass (Al-
brecht et al., 1997). Furthermore, immunofluorescence
staining revealed that the induction and localization of
p21 was similar in wild-type and Cdk2�/� cells (Figure 6).
After irradiation and serum stimulation, p21 expression
was observed between 12 and 30 h in both wild-type and
Cdk2�/� cells and was exclusively present in the nucleus
(Figure 6, C2–C5 and F2–F5). We did not detect induction
of p53 or p21 in the nonirradiated wild-type and Cdk2�/�

cells at any time point after serum stimulation alone by
immunofluorescence (data not shown). This observation

Figure 3. Cells arrest at the G1/S checkpoint in vitro in the absence
of Cdk2. (A) Flow cytometric analysis of Cdk2�/� and Cdk2�/� MEFs
after serum stimulation alone and 5-Gy �-irradiation and serum
stimulation after 24 and 30 h. The cells were stained with propidium
iodide and anti-BrdU AlexaFluor488 antibodies. Representative dot
plots are from one of three independent cell cycle profiles. (B) Bar
graph representing the percentage of Cdk2�/� MEFs in G1 (red), S
(fuchsia), and G2 (pink) phases of the cell cycle after serum stimu-
lation at the indicated time points. (C) Bar graph presenting the
percentage of Cdk2�/� MEFs in G1 (navy blue), S (blue), and G2
(aqua) phases of the cell cycle after serum stimulation at the indi-
cated time points. (D) Bar graph presenting the percentage of
Cdk2�/� MEFs in G1 (red), S (fuchsia), and G2 (pink) phases of the
cell cycle after 5-Gy irradiation and serum stimulation at the indi-
cated time points. (E) Bar graph presenting the percentage of
Cdk2�/� MEFs in G1 (navy blue), S (blue), and G2 (aqua) phases of
the cell cycle after 5-Gy irradiation and serum stimulation at the
indicated time points. For all graphs the average and SDs were
acquired from three independent experiments.

Figure 4. Cells arrest at the G1/S checkpoint in vivo in the absence
of Cdk2. Representative photographs of immunohistochemical
BrdU staining pattern in the regenerating livers of nonirradiated
Cdk2�/� mice (A), nonirradiated Cdk2�/� mice (B), irradiated
Cdk2�/� mice (C), and irradiated Cdk2�/� mice (D) at the indicated
time points. Scale bar, 100 �m in all panels. (E) Bar graph showing
the percentage of BrdU-positive liver cells at the indicated time
points in the regenerating livers of Cdk2�/� (navy blue) and Cdk2�/�

(black) mice after 70% PH. (F) Bar graph indicating the percentage
of BrdU-positive liver cells at different time points in the whole
body–irradiated and regenerating livers of Cdk2�/� (navy blue) and
Cdk2�/� (black) mice after 70% PH. The average and SDs were
calculated after counting a minimum of 2500 nuclei from several
low power fields per sample from each genotype. For each time
point 3 (24 and 36 h) or 4 (48, 72, and 96 h) Cdk2�/� and Cdk2�/�

mice were used.
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indicates that the loss of Cdk2 does not alter the activation
of the p53-p21 pathway in vitro as well as in vivo in
response to radiation-induced DNA damage, and the in-
duction of p21 can arrest cells at G1/S transition even in
the absence of Cdk2.

p21/Cdk1 Complexes Keep the G1/S DNA Damage
Checkpoint Intact
Our present study indicates that Cdk2�/� cells arrest at the
G1/S checkpoint in response to irradiation not only in vitro
(MEFs in culture) but also in vivo (liver cells during regen-
eration; Figures 3 and 4). We have described that the p53-
p21 pathway is not perturbed in Cdk2�/� cells. A recent
study reported that Cdk2�/� cells arrest at the G1/S check-
point in response to either irradiation or overexpression of
p21 (Martin et al., 2005). Nevertheless, the molecular mech-
anism behind the p21-mediated G1/S arrest in Cdk2�/� cells
has not yet been determined. The ability of cells to arrest at
the G1/S checkpoint in response to irradiation in the ab-
sence of p21’s primary target Cdk2 raises the question how
are Cdk2�/� cells arrested by p21 and how do they maintain
the G1/S DNA damage checkpoint intact? Recent findings
that Cdk1 complexes with cyclin E, compensates the func-
tions of Cdk2 in its absence, and drives cells through the
G1/S transition (Aleem et al., 2005) suggest that p21 might
be able to inhibit Cdk1 and arrest cells at the G1/S check-
point. To test this hypothesis, first we analyzed the subcel-
lular localization of Cdk1 and p21 in response to irradiation
in wild-type and Cdk2�/� MEFs. After irradiation and serum
stimulation Cdk1 was predominantly localized in the cyto-
plasm after 6–24 h in wild-type cells (Figure 7, B1–B4). p21
was detected from 12 h onward and was predominantly

present in the nucleus (Figure 7, C2–C5). This indicates that
Cdk1 might not be accessible to p21 at the G1/S transition in
wild-type cells. On the other hand because of earlier trans-
location of Cdk1 to the nucleus in Cdk2�/� cells (Figures 1
and 7, E1–E5), both Cdk1 and p21 are present in the nucleus
between 12 and 30 h after serum stimulation (Figure 7,
E2–E5 and F2–F5). Because the presence of two proteins in
the same compartment cannot prove a possible interaction
between them, we further analyzed the interaction between
Cdk1-p21 both in vitro and in vivo by coimmunoprecipita-
tion experiments.

Immunoprecipitations revealed that in MEFs p21 was
binding to Cdk1 in the absence of Cdk2 between 6 and 24 h
after irradiation and serum stimulation (Figure 5B, bottom
panel). This time point typically represents the G1 and G1/S
transition of the cell cycle after serum starvation and stim-
ulation. In wild-type cells, we found binding of p21 to Cdk1,
but the amount of p21 interacting with Cdk1 was decreased
compared with the Cdk1-p21 interaction in Cdk2�/� cells,
with the expression level of Cdk1 comparable in wild-type
and Cdk2�/� cells (Figure 5B, bottom panel). As expected,
we did not detect any significant interaction between Cdk1
and p21 in nonirradiated serum-stimulated cells. This is
mainly due to the lack of induction of p21 in these cells
(Figure 5A, fourth panel from top). When we extended the
studies further and explored the same phenomenon in vivo,
we found similar p21-Cdk1 interactions during liver regen-
eration in response to irradiation in Cdk2�/� mice. We did
not detect any significant difference in the expression level of
Cdk2 in the regenerating nonirradiated and irradiated liv-
ers. In both nonirradiated and irradiated livers, premature
induction and overexpression of Cdk1 was observed in the

Figure 5. p21 inhibits Cdk1 to arrest cells at the
G1/S checkpoint in the absence of Cdk2. Repre-
sentative Western blots displaying the expression
of Cdk2, Cdk1, p53, p21, phospho-Cdk1-(Tyr15),
actin (1st to 6th panel from top), and Cdk2-p21
and Cdk1-p21 coimmunoprecipitations (7th and
8th panel) in nonirradiated Cdk2�/� (left panel)
and Cdk2�/� (right panel) MEFs (A) and 5-Gy
irradiated Cdk2�/� (left column) and Cdk2�/�

(right column) MEFs (B) and from nonirradiated
Cdk2�/� (left column) and Cdk2�/� (right column)
regenerating livers (C) and from irradiated
Cdk2�/� (left column) and Cdk2�/� (right column)
regenerating livers (D) at the indicated time
points. Actin (5th panel) was used as a loading
control.
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Figure 6. Loss of Cdk2 does not influence the
induction of p21. Immunofluorescence
costaining of Cdk2 and p21 in 5-Gy irradiated
and serum-stimulated Cdk2�/� and Cdk2�/�

MEFs at the indicated time points. Cdk2 local-
ization was detected by rabbit anti-Cdk2 anti-
bodies followed by AlexaFluor568 goat anti-
rabbit antibodies in Cdk2�/� cells (red; B1–B5)
and in Cdk2�/� cells (red; E1–E5). p21 was
detected by mouse anti p21 antibodies fol-
lowed by AlexaFluor488 goat anti-mouse an-
tibodies in Cdk2�/� cells (green; C1–C5) and
Cdk2�/� cells (green; F1–F5). The nuclei were
counterstained with DAPI (blue; A1–A5 and
D1–D5). The images were captured with a
laser confocal microscope (63�). The repre-
sentative pictures are from one of three inde-
pendent stainings. Scale bar, 10 �m in all panels.

Figure 7. Cdk1 and p21 localize to the nu-
cleus in the absence of Cdk2. Immunocyto-
chemical costaining of Cdk1 and p21 in 5-Gy
irradiated and serum-stimulated Cdk2�/� and
Cdk2�/� MEFs at the indicated time points.
Cdk1 localization was detected by rabbit anti-
Cdk1 antibodies followed by AlexaFluor568
goat anti-rabbit antibodies in Cdk2�/� cells
(red; B1–B5) and in Cdk2�/� cells (red; E1–E5).
p21 was detected by mouse anti-p21 antibod-
ies followed by AlexaFluor488 goat anti-
mouse antibodies in Cdk2�/� cells (green; C1–
C5) and Cdk2�/� cells (green; F1–F5). The
nuclei were counterstained with DAPI (blue;
A1–A5 and D1–D5). The images were cap-
tured with a laser confocal microscope (63�).
The representative pictures are from one of
three independent stainings. Scale bar, 10 �m
in all panels.
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absence of Cdk2 (Figure 5C, D, second panel from top),
which differed from our results in MEFs. The interaction
between Cdk1 and p21 was observed in both conditions
(irradiated and nonirradiated) and in both genotypes
(Cdk2�/� and Cdk2�/�), but the amount of p21 binding to
Cdk1 was increased in Cdk2�/� cells in response to irradia-
tion compared with wild-type cells (Figure 5C, D, bottom
panel). Furthermore we analyzed the inhibitory phosphor-
ylation of Cdk1 (Tyr15) at the G1/S checkpoint in response
to irradiation to identify whether this mechanism also con-
tributed to maintain the G1/S checkpoint in Cdk2�/� cells. In
response to DNA damage, Chk1 phosphorylates and inhib-
its Cdc25C, which in turn prevents the dephosphorylation of
inhibitory sites in Cdk1, and this pathway was identified to
be one of the major mechanisms to arrest cells at the G2
checkpoint (Herzinger et al., 1995; Bunz et al., 1998). In our
study, we could not detect significant differences in the
inhibitory phosphorylation of Tyr15 of Cdk1 between wild-
type and Cdk2�/� cells (Figure 5, A and B). This indicates
that the Cdc25C regulated inhibitory phosphorylation of
Cdk1 does not play an important role in maintaining the
G1/S checkpoint in Cdk2�/� cells. Our study demonstrates
that p21 binds to Cdk1 in the absence of Cdk2 to arrest cell
cycle progression in response to irradiation. Our immuno-
fluorescence and immunoprecipitation experiments provide
evidence that p21 inhibits Cdk1 both in vitro and in vivo,
resulting in cells arresting at the G1/S transition in the
absence of Cdk2.

Loss of Cdk2 Is Associated with Increased
Radiosensitivity and Results in Impaired DNA Repair
The primary function of the activation of the G1/S checkpoint
is to arrest cells transiently in response to DNA damage in
order to provide cells sufficient time to repair their DNA and
resume DNA replication. It has been previously described that
inhibition of Cdk2 by p21 is sufficient to arrest cells in response
to different genotoxic stresses until they repair their damaged
DNA and resume replication (Poon et al., 1996; Brugarolas et al.,
1999). In the present study, we have demonstrated that in the
absence of Cdk2, p21 inhibits Cdk1 to arrest cells at the G1/S
checkpoint. This raises the question whether Cdk1 inhibition
by p21 is sufficient and strong enough to keep the cells in the
arrested state until their damaged DNA is repaired? Both in
vitro and in vivo cell cycle profiles after irradiation indicate
that Cdk2�/� cells are arresting for longer periods of time
similar to that of wild-type cells. Surprisingly, we found that
Cdk2�/� MEFs as well as liver cells displayed delayed resump-
tion of DNA replication after arresting at the G1/S checkpoint
in comparison to wild-type cells (Figures 3 and 4). This obser-
vation prompted us to analyze Cdk2�/� cells further for their
sensitivity toward radiation damage. Therefore, we measured
proliferation rates of wild-type and Cdk2�/� MEFs after 5- and
10-Gy irradiation for longer periods of time (7 d after irradia-
tion and stimulation), which indicates how well the cells are
proliferating after entering S phase in response to radiation
damage. Our analysis indicated that after 10-Gy irradiation,
both wild-type and Cdk2�/� cells exhibited low rates of prolif-
eration (Figure 8A). In contrast, in response to 5-Gy irradiation,
there was a significant difference in the proliferation rate be-
tween wild-type and Cdk2�/� cells, with wild-type cells prolif-
erating at a higher rate than Cdk2�/� cells (Figure 8A). To
identify radiosensitivity at organismal level, wild-type and
Cdk2�/� mice were whole body irradiated, and the survival of
the animals was monitored. Interestingly, we found that wild-
type mice survived longer than Cdk2�/� mice. All Cdk2�/�

mice died within 10 d after whole body irradiation, whereas
wild-type mice survived to a maximum of 16 d (p � 0.023).

Irradiated Cdk2�/� mice died even earlier than p53�/� mice
(p � 0.014; Figure 8B). Our in vitro and in vivo analyses
indicate that Cdk2�/� MEFs and mice display increased radio-
sensitivity in response to irradiation.

In addition to the analysis at cell and organismal level,
measurement of DSBs in individual nuclei by Comet assays
(Singh et al., 1988, 1994) revealed that the migration tails
were more prominent in Cdk2�/� cells than in wild-type
cells (Figure 8, D–G). Two hours after 5-Gy irradiation there
were more nuclei with DSBs, as measured by migration of
comet tails, in Cdk2�/� than in wild-type cells (Figure 8D).
At 18 h after irradiation, a significant number of Cdk2�/�

nuclei (�45%) still displayed low to high levels of DSBs,
whereas only about �10% of wild-type cells displayed DSBs
(Figure 8E). More severe consequences were observed when
cells were exposed to 10-Gy irradiation, with more than 90%
of Cdk2�/� cells displaying low or high levels of DSBs 2 h
after irradiation, and in turn these cells failed to repair their
DNA, which was corroborated by the persistence of low or
high levels of DSBs even 18 h after irradiation (Figure 8, F
and G). In contrast, it appeared that wild-type cells repaired
the damaged DNA after irradiation, because �60% of the
nuclei showed no signs of DNA damage 18 h after 10-Gy
irradiation, though initially �75% of the cells displayed
some levels of damage (Figure 8, F and G). This analysis

Figure 8. Enhanced radiosensitivity in Cdk2�/� cells. (A) Line
graph displaying the proliferation rate of Cdk2�/� and Cdk2�/�

nonirradiated and irradiated (5 and 10 Gy) MEFs. (B) Kaplan-Meier
survival curve of Cdk2�/� (n � 20), Cdk2�/� (n � 16), and p53�/�

(n � 7) mice in response to 11-Gy whole body irradiation. p53�/�

mice were used as a control. (C) Representative photographs of
comet migration tails showing high, low, and no damage. Bar graph
presenting the number of cells with different level of DNA damage
as measured by migration of Comet tails in Cdk2�/� (red) and
Cdk2�/� (blue) cells 2 h after 5-Gy irradiation (D), 18 h after 5-Gy
irradiation (E), 2 h after 10-Gy irradiation (F), and 18 h after 10-Gy
irradiation (G). For each time point a minimum of 100 nuclei were
scored from each sample. Each sample was determined in tripli-
cates, and the averages and SDs were calculated from three inde-
pendent experiments with three independent batches of MEF cells.
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Figure 9. Cdk2�/� cells have impaired DNA repair activity. (A and B) Immunofluorescence staining of �-H2AX in 5-Gy irradiated and
serum-stimulated Cdk2�/� and Cdk2�/� MEFs at the indicated time points. �-H2AX foci were detected by rabbit anti-�-H2AX antibodies
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suggests that the DSBs are more prominent in Cdk2�/� cells
after radiation damage, and furthermore these cells are char-
acterized by delayed DNA repair activity.

From the above observation, we were tempted to specu-
late that although Cdk2 is not necessary to maintain the
G1/S checkpoint, it might be affecting DNA repair. To ex-
plore the hypothesis that Cdk2�/� cells might display im-
paired DNA repair activity in response to radiation damage,
we measured �-H2AX foci formation after 5-Gy irradiation.
Recent studies indicated that several proteins actively par-
ticipating in DNA repair are activated through the ATM/
ATR pathway and form foci at the site of DNA damage
(Schultz et al., 2000; Rappold et al., 2001; Celeste et al., 2002;
Stewart et al., 2003; Lee et al., 2005). One of these proteins is
phophorylated �-H2AX, which is involved in DSB repair by
recruiting several checkpoint and DNA repair proteins to
the site of damage, and once the damage is repaired these
proteins are cleared from the nucleus (Rappold et al., 2001;
Celeste et al., 2002; Stewart et al., 2003). To visualize DNA
repair activity in Cdk2�/� and wild-type cells, we analyzed
the formation and clearance of �-H2AX foci by immunoflu-
orescence staining after 5-Gy irradiation and serum stimu-
lation. Our study indicated, that most of the Cdk2�/� cells
displayed decreased numbers of nuclear foci compared with
wild-type cells between 6 and 18 h after irradiation (Figure 9,
A1–A3, B1–B3, and C1–C3). At later time points (24 h after
irradiation), the nuclear DNA damage foci started to disappear
from wild-type nuclei, and after 30 h the foci were completely
cleared from the nuclei (Figure 9, A4–A5 and C4–C5). In
contrast to wild-type cells, most of the Cdk2�/� cells displayed
fewer �-H2AX foci for prolonged periods of time, which were
not cleared from the nucleus even after 30 h (Figure 9, B4–B5
and C4–C5). In addition to �-H2AX, we used a polyclonal
antibody, which is specific for phosphorylated substrates of
ATM/ATR (see Materials and Methods), to analyze the DNA
repair activity in Cdk2�/� cells. These immunofluorescence
studies revealed an impaired and prolonged appearance of
DNA damage foci in Cdk2�/� cells compared with wild-type
cells (Figure 9, D1–D5). Therefore, Cdk2 belongs to the small
group of proteins that when deleted will affect foci formation in
DNA damaged cells.

DISCUSSION

Until recently it was thought that Cdk2 is a master regulator
of the G1/S transition and S phase progression of the cell
cycle. Knockout mouse models and short hairpin RNA ex-
periments have demonstrated that Cdk2 is not necessary for
the mitotic cell cycle in mammalian cells (Berthet et al., 2003;
Ortega et al., 2003; Tetsu and McCormick, 2003). After ex-
tensive investigation, Cdk1 and Cdk4 were identified to
compensate for Cdk2 functions (Berthet et al., 2006; Berthet
and Kaldis, 2007). It was described that Cdk1/cyclin E com-
plexes drive cells through the G1/S transition in the absence
of Cdk2 (Aleem et al., 2005). In wild-type cells, Cdk1 is

present predominantly in the cytoplasm during G0, G1, and
S phase and is imported to the nucleus with cyclin B1 after
nuclear breakdown in mitosis (Bailly et al., 1989, 1992). This
timely translocation of Cdk1 to the nucleus poses an addi-
tional level of cell cycle regulation because earlier import of
Cdk1 to the nucleus would cause premature initiation of
mitosis. In this context it was important to investigate how
the loss of Cdk2 affects Cdk1 translocation. If Cdk1 substi-
tutes for Cdk2, it needs to be in the nucleus at the time of the
G1/S transition; otherwise it cannot execute S phase initia-
tion and progression. Although it was described that Cdk1/
cyclin E complexes drive cells through G1/S in the absence
of Cdk2 (Aleem et al., 2005), it has not been determined
whether Cdk1 translocates to the nucleus at the beginning of
S phase in order to perform this function. In this study, we
presented evidence that Cdk1 translocates to the nucleus
much earlier (before the beginning of S phase) in the absence
of Cdk2 in order to execute the G1/S transition. Once Cdk1
is imported into the nucleus it remains localized in the
nucleus until the completion of mitosis. Even though Cdk1
is imported into the nucleus much earlier in Cdk2�/� cells
compared with wild-type cells, no premature initiation of
mitosis is evident as indicated by the cell cycle profiles in
Cdk2�/� cells. This could be due to the fact that Cdk1/cyclin
E complexes can drive cells through the G1/S transition but
unlike Cdk1/cyclin B1 complexes cannot phosphorylate
substrates, which are necessary for the initiation of mitosis.

One of the widely accepted concepts in cell cycle progression
is that in response to different genotoxic stresses Cdk2 becomes
the major target of inhibition at the G1/S checkpoint. In re-
sponse to several genotoxic insults, ATM/ATR-mediated acti-
vation of p53 induces p21, which in turn arrests cells at the
G1/S checkpoint by inhibiting its primary target Cdk2 (Bruga-
rolas et al., 1999). In this simplified context, loss of Cdk2 might
present an intriguing situation for the induced p21. It was well
established that in the absence of p21, cells bypass the G1/S
checkpoint (Deng et al., 1995), because the target (Cdk2) is
present, but the inhibitor (p21) is absent. What happens if the
target (Cdk2) is absent and inhibitor (p21) is present needs to
be explored. Therefore, we investigated whether the p53-p21
pathway can be activated or not in the absence of Cdk2. Will
the cells bypass the G1/S checkpoint in the absence of Cdk2,
similar to p21 deficient cells? Our study revealed that the
activation of p53-p21 pathway is not perturbed in the absence
of Cdk2. The timing of induction of both p53 and p21 is similar
in the absence or presence of Cdk2. In addition, our study
indicates that in vitro (MEFs) and in vivo (liver cells during
regeneration) cells are arresting promptly at the G1/S check-
point in the absence of Cdk2 in response to radiation-induced
DNA damage. This indicates that p21 is able to arrest cells even
in the absence of Cdk2. This observation suggests that either
Cdk2 is not the primary target of p21 or alternatively p21 can
block cell cycle progression by interacting with molecules other
than Cdk2. Assuming the latter possibility, the most likely
molecule to compensate for Cdk2 is Cdk1. In accordance with
this, we detected premature translocation of Cdk1 to the nu-
cleus, which was not affected by radiation-induced DNA dam-
age. As a result of premature translocation of Cdk1 to the
nucleus, both Cdk1 and the induced p21 are present in the
nucleus, and as a result Cdk1 is accessible to p21 for inhibition.
Because presence of two proteins in the same compartment
does not prove a direct interaction between two molecules, we
further explored the direct binding of p21 to Cdk1 by coim-
munoprecipitations. We detected direct interactions between
Cdk1 and p21 at the G1/S checkpoint in response to radiation-
induced DNA damage. This indicates that in the absence of
Cdk2, Cdk1 is driving the cells through the G1/S transition

Figure 9 (cont). followed by AlexaFluor568 goat anti-rabbit anti-
bodies in Cdk2�/� (red; A1–A5) and in Cdk2�/� (red; B1–B5) cells.
The nuclei were counter-stained with DAPI and the merged Alex-
aFluor568 and DAPI pictures were presented (scale bar, 10 �m). Bar
graphs (red bars: Cdk2�/�, blue bars: Cdk2�/�) displaying the total
number of cells on the Y axis and the number of �-H2AX foci (C) or
phospho-(Ser/Thr) ATM/ATR substrate foci (D) per cell on the X
axis at the indicated time point. Number of foci was counted from
(single plane images) a minimum of 200 cells per genotype at each
time point.
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and the molecular mechanism behind the G1/S checkpoint
maintenance in response to irradiation is due to an interaction
between Cdk1 and p21 at the G1/S transition. The prime
concern here is whether the inhibition of Cdk1 by p21 at the
G1/S checkpoint is sufficient and persistent to maintain the
cells in the arrested state until they repair their damaged DNA
and resume DNA replication. Our cell cycle profiles indicated
that Cdk2�/� MEFs as well as the proliferating liver cells after
PH in Cdk2�/� mice arrested for prolonged periods of time,
similar to that of wild-type in response to irradiation. Surpris-
ingly, we found that in Cdk2�/� mice the resumption of DNA
replication took additional 24 h after irradiation compared
with wild-type liver cells. Two possible mechanisms could
explain this phenomenon: the first is that Cdk2�/� cells accu-
mulated more DSBs in response to radiation-induced DNA
damage in comparison to wild-type cells. Another possibility is
that Cdk2 might have a role in DNA repair, and as a result
Cdk2�/� cells displayed delayed resumption of DNA replica-
tion because of impaired repair activity. In accordance with this
hypothesis, we found that DSBs are more prominent in
Cdk2�/� cells than in wild-type cells in response to radiation-
induced DNA damage. Comet assays indicated that Cdk2�/�

cells accumulated extensive DNA damage compared with
wild-type cells in response to irradiation. In addition, the dam-
age was not repaired for prolonged periods of time in Cdk2�/�

cells in comparison to wild-type cells where damaged DNA
was mostly repaired. Furthermore, not only at cellular level but
also at organismal level, Cdk2�/� mice proved to be radiosen-
sitive, and in turn these mice die earlier than wild-type mice in
response to lethal doses of �-irradiation, similar to that of
p53�/� mice. This indicates that Cdk2 might play a role in DSB
repair induced by irradiation. Our results agree with a recent
report that cyclin A1 functions in DSB repair, and this repair
function depends on Cdk2 activity (Müller-Tidow et al., 2004).
In addition a recent study suggested that inhibition of Cdk2 by
Roscovitine (which also inhibits a number of other Cdks; see
Berthet et al., 2007) led to blunted activation of Chk1 due to
reduced phosphorylation (Deans et al., 2006). Chk1 is one of the
downstream targets of the ATM/ATR pathway whose phos-
phorylation and activation is one of the necessary steps in the
DNA damage signal transduction cascade because activated
Chk1 in turn activates and promotes some of the DNA repair
proteins to the sites of damage (Westphal, 1997; Hammond et
al., 2003; Sancar et al., 2004). From the above studies it appears
that Cdk2 might play an important role in more than one DNA
repair pathway. In accordance with these studies, we found
delayed and impaired DNA repair activity in Cdk2�/� cells. In
our study we determined that Cdk2�/� cells do not completely
fail to form DNA repair foci (�-H2AX, ATM/ATR substrates)
at the sites of damage, but rather they exhibited lower numbers
of foci for prolonged periods of time. This suggests that Cdk2
has a function upstream of the ATM/ATR pathway in addition
to the one well-known function downstream. In wild-type
cells, large numbers of foci were observed immediately after
irradiation, and they are mostly cleared from the nucleus
within 24 h after irradiation. In contrast, we found that the
formation of foci is delayed in Cdk2�/� cells, and at the same
time they exhibited a persistence of lower numbers of foci,
which are not cleared even 30 h after irradiation. Two possible
mechanisms could explain the impaired repair activity of
Cdk2�/� cells. In the presence of Cdk2, the Cdk2/cyclin E or
the Cdk2/cyclin A complex promotes the DNA repair function
by activating a DNA repair complex, and in the absence of
Cdk2 this complex cannot be fully activated, resulting in im-
paired repair of damaged DNA. Alternatively in the absence of
Cdk2, although the formation of Cdk1/cyclin E is able to
initiate the G1/S checkpoint, it might not be able to maintain

the checkpoint that in turn leads to premature and progressive
termination of the checkpoint, including the activation of DNA
repair activity. Thus the presence of Cdk1/cyclin E might be
interfering with the formation of active DNA repair complexes.

Our study indicates that Cdk1 translocates early to the nu-
cleus to take over the function of Cdk2 in its absence, which in
turn is inhibited by p21 in response to DNA damage to main-
tain the G1/S checkpoint. In addition, we have demonstrated
that the presence of Cdk2 is either directly or indirectly influ-
encing the repair activity, and DNA repair is delayed and
impaired in the absence of Cdk2 in cells and animals.
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