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Aberrant activation of cyclin A-CDK induces G2/M-phase checkpoint in human
cells
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ABSTRACT
Cyclin A-cyclin dependent kinase (CDK) activity is regulated by cyclin A proteolysis and CDK inhibitors
(CKIs) duringM andG1 phases. Our previouswork has shown that constitutive activation of cyclin A-CDK
inmouse somatic cells, by ectopic expression of stabilized human cyclin A2 (lacking the destruction box:
CycAΔ80) in triple CKI (p21, p27, and p107)-knocked-out mouse embryonic fibroblasts, induces rapid
tetraploidization. However, effects of such cyclin A-CDK hyperactivation in human cells have been
unknown. Here, we show hyperactivity of cyclin A-CDK induces G2/M-phase arrest in human cell lines
with relatively low expression of p21 and p27. Moreover, adenovirus E1A protein promoted CycAΔ80-
derived G2/M-phase arrest by increasing the amount of cyclin A and cyclin A-CDK2 complex. This
response was suppressed by an addition of ATR or Chk1 inhibitor. The amount of repressive phosphor-
ylation of CDK1 at tyrosine 15 (Y15) was decreased by Chk1 inhibitor treatment. Moreover, we observed
that co-expressing CDK1AFmutant, which is resistant to the repressive phosphorylation at threonine 14
and Y15, or cdc25A, which dephosphorylates CDK1 at Y15, suppressed the G2/M-phase arrest by
CycAΔ80 with E1A. These results suggest that G2/M-phase arrest in human cells by hyperactivity of
cyclin A-CDK2 is caused by repression of CDK1 via the cell cycle checkpoint ATR-Chk1 pathway.
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Introduction

Cyclin-cyclin-dependent kinase (CDK) complexes are
the major regulators on cell cycle progression [1,2].
CDK activity is regulated by three mechanisms: cyclin
degradation, tyrosine or threonine phosphorylation,
and CDK inhibitor (CKI) binding. The anaphase-pro-
moting complex (APC) is one of the E3 ubiquitin-
protein ligases that initiates the proteasomal degrada-
tion of cyclin [3]. Both cyclin A and cyclin B contain a
motif, destruction box (D-box), that is required for
ubiquitination by the APC [4]. CDK activation is not
only regulated by cyclin binding. Phosphorylation of
CDK2 on tyrosine 15 byWee1 inhibits CDK2 activity,
which is antagonized by dephosphorylation by cdc25
[5]. By contrast, phosphorylation of CDK2 on threo-
nine 160 by CDK-activating kinase (CAK) activates
CDK2 [5]. AmongCKIs inmammals, p21 and p27 are
major ones and inhibit CDK activity via binding to
cyclin-CDK complex, inducing G1-phase arrest [6]
and block of S-phase entry [7].

Cyclin A associates with CDK1 and CDK2 [8].
Cyclin A is required during S phase and G2 to M
phases, and degraded after prometaphase, which is

dependent on polyubiquitination by APC [4].
Moreover, cyclin A-CDK complex is inactivated by
CKIs binding during G1 phase [9]. Cyclin A stabiliza-
tion or overexpression delays chromosome alignment
and anaphase onset, resulting in genome instability
[4,10]. On the other hand, CDK2 activity induces cell
cycle checkpoint mediated by ATR-Chk1 after DNA
damage [11]. Chk1 activation by CDK2 leads to phos-
phorylation of CDK1 on tyrosine 15 via cdc25A inac-
tivation. Thus, CDK2 plays an important role in cell
cycle checkpoint after DNA damage.

We have previously studied the effect of hyperac-
tivity of cyclin A-CDK in mouse, by ectopically
expressing a stabilized human cyclin A2 (lacking the
D-box) in triple CKI (p21, p27, and p107)-knocked-
out mouse embryonic fibroblasts (MEFs) [12]. In this
setting, the mutant cyclin A-CDK is active during the
M andG1 phases when the wild-type cyclin A-CDK is
inactivated by redundant proteolytic and CKI path-
ways, and therefore, the mutant cyclin A-CDK is
constitutively active throughout the cell cycle (“hyper-
active”). Our data have shown that the hyperactive
cyclin A-CDK induces rapid tetraploidization in
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MEFs [12]. However, effects of such cyclin A-CDK
hyperactivation in human cells have been unknown.
Here, we show hyperactivity of cyclin A2-CDK
induces G2/M-phase arrest in human cells via activa-
tion of ATR-Chk1 pathway. This response may con-
tribute to checking and eliminating abnormal cells in
which cyclin A-CDK activity is deregulated.

Materials and methods

Cells and plasmids

All cells were obtained from RIKEN Bioresource
Center Cell Bank. All cells used were grown in
Dulbecco’s modified Eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS) at 37°C with
5% CO2.

pCS2MT [13]-based expression vector carrying
myc-tagged human cyclin A2 (pCSMTCycA WT)
has been described elsewhere [12]. Myc-tagged
CycAΔ80 expression vector was constructed by sub-
cloning the human cyclin A2 coding region, from
which the N-terminal 80 codons containing the D-
box were truncated, into pCS2MT. An expression
vector for adenovirus E1A (pE1A) was obtained
from B. Clurman (Fred Hutchinson Cancer
Research Center, Seattle, WA, USA). Expression vec-
tors for HA-tagged human wild-type and dominant-
negative CDK2 were obtained from D. Morgan
(University of California, San Francisco, CA) and S.
van den Heuvel (Utrecht University, Netherlands),
respectively. pCS2HA [13]-based expression vectors
carrying HA-tagged human wild-type and AFmutant
(resistant to the repressive phosphorylation, with ala-
nine and phenylalanine substitutions at T14 and Y15,
respectively) CDK1 were provided by M. Ohtsubo
(Beppu University, Ooita, Japan). Human cdc25A
expression vector was constructed by cloning the
cDNA derived from WI-38 cells into pCSHA.

Antibodies and drugs

Anti-cyclin A polyclonal antibodies (Abs) [14] were
obtained from E. Firpo (Fred Hutchinson Cancer
Research Center, Seattle, WA, USA). Anti-E1A
(M58), anti-cyclin E (E-4), anti-p21 (C-19), anti-p27
(C-19) and anti-p107 (C-18) Abs were purchased
from Santa Cruz Biotechnology. Others were as fol-
lows: anti-CDK1 from BD Biosciences, anti-Y15-

phosphorylated (pY15) CDK1 from Abcam, anti-
myc tag monoclonal and polyclonal Abs from MBL.

Nocodazole, caffeine and UCN-01 were purchased
from SIGMA-Aldrich, and PV1019 and MK8776
were from Calbiocem and Selleckchem, respectively.

RNA interference experiments

Double-stranded small interfering RNA (siRNA)
against adenovirus E1A gene was prepared by anneal-
ing the following RNAs which were designed accord-
ing to siDirect (http://sidirect2.rnai.jp/): 5ʹ-
AUAAUCUAACACAAACUCCUC-3ʹ and 5ʹ-GGA
GUUUGUGUUAGAUUAUGU-3ʹ. The resulting
siRNA was introduced into HEK293 cells using X-
tremeGENE transfection reagent (RocheDiagnostics).

Transfection and flow cytometry

Those expression vectors described above were co-
transfected into asynchronous human cell lines with
1 µg of green fluorescent protein (GFP)-expression
vector, pEGFP-C1 (Clontech Laboratories, Inc.,
Mountain View, CA), using the modified Ca-phos-
phate method [15]. Sixteen hours after the transfec-
tion, cells were refed and then cultured for an
additional 24 h before being harvested. Flow cytome-
try was performed using FACSCalibur cytometer and
CellOuest software (BD Biosciences), and data were
gated for GFP-positive cells. Statistical analyses of cell
cycle distribution were performed using MacCycle
AV software (Phoenix Flow systems). Statistical sig-
nificances of differences were analyzed by the Student
t test.

Preparation of cell extracts and
immunoprecipitation

Cells were rinsed once with Tris-buffered saline (pH
7.4) and lysed on ice in RIPAbuffer (10mMTris-HCl,
pH7.4, 0.15MNaCl, 0.5%Nonidet P-40, 50mMNaF,
1 mM Na-vanadate, 10 mg/ml each of aprotinin,
leupeptin and pepstatin). Immunoprecipitation and
histone H1 kinase assay were performed as described
[16,17] using the following Abs: anti-myc tag mono-
clonal PL-14 and polyclonal (MBL), anti-CDK2 poly-
clonal (Merck Millipore), anti-E1A monoclonal M58
(Santa Cruz Biotechnology).
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Results

CycAΔ80 overexpression induces G2/M-phase
arrest in the cell lines expressing low levels of
p21 and p27

To examine the effect of hyperactivity of cyclin A2 in
human cells, we constructed a stabilized mutant of
cyclin A2 (CycAΔ80) [18], which lacks its N-term-
inal domain containing the D-box. With the combi-
nation of a stabilized cyclin A mutant and lack of

three CKIs (p21, p27 and p107), cyclin A-CDK is
constitutively active throughout the cell cycle in
MEFs, as we have previously reported [12]. We
transiently overexpressed CycAΔ80 and wild-type
cyclin A (CycA WT) as myc epitope-tagged (mt)
proteins in asynchronous human cell lines, U-2 OS,
Saos-2, HT1080, WI-38, MDAH041 and HEK293,
and analyzed the effect of CycAΔ80 overexpression
on cell cycle by flow cytometry (Figure 1(a)).
Overexpression of CycA WT resulted in decreased

Figure 1. Effect of CycAΔ80 overexpression on cell cycle in human cells. (a) 10 µg each of myc-tagged cyclin A (mtCycA) WT or mtCycAΔ80
expression vector or empty vector (EV) was co-transfectedwith 1 µg of GFP expression vector in the indicated cell lines and cell cycle profiles of
the GFP-positive cells were analyzed by flow cytometry (top). Arrows indicate the increase in G2/M populations. Cell cycle distributions of
mtCycAWT- andmtCycAΔ80-transfected cells are shown in the bottompanel. **p< 0.01. (b) Extracts of the indicated cell lines were subjected
to western analysis using antibodies against various CDK inhibitors and α-tubulin (internal control) (top). Protein amounts of p21, 27 and p107
relative to those of α-tubulin are shown (bottom). (c) Extracts from the indicated cells co-transfected with 10 µg of the mtCycA WT or Δ80
vector were immunoprecipitated with anti-myc tag, immunoblotted for mtCycA (top), and assayed for histone H1 kinase activity. H1 kinase
activity (arbitrary units) relative to the amount of mtCycA proteins is shown in the bottom panel. (d) Indicated amounts of the expression
vector for mtCycAWT, Δ80, or Δ80 R211A, which cannot bind to CDK, were co-transfected with 1 µg of the GFP vector in HEK293 cells and cell
cycle profiles of the GFP-positive cells were analyzed by flow cytometry (top, left). Relative expression levels of exogenous CycA proteins are
shown in the top right panel (maximum CycAΔ80 level = 1). Cell cycle distributions are shown in the bottom panel. *p < 0.05, **p < 0.01. (e) 2
µg of the mtCycAΔ80 vector was co-transfected with 1 µg of the GFP vector, and 4 µg of empty vector (0 µg CDK2) or indicated amounts of
wild-type CDK2 (CDK2WT) or dominant-negative CDK2mutant (CDK2dn) vector in HEK293 cells, and cell cycle profiles of the GFP-positive cells
were analyzed by flow cytometry (top). Cell cycle distributions are shown in the bottom panel. *p < 0.05.
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Figure 1. Continued.
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Figure 1. Continued.
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G1-phase and increased S-phase populations, evi-
dently in U-2 OS, MDAH041 and Saos-2 cells. This
is consistent with previous reports that cyclin A
accelerates G1/S transition [9,19]. CycAΔ80 overex-
pression had similar effects on the cell cycle distribu-
tion in U-2 OS, Saos-2, HT1080 and WI-38, while it
led to an increase in G2/M population inMDAH041
and HEK293 (Figure 1(a)).

Next, we assumed the expression level of CDK
inhibitors (CKIs) to be a potential cause of different
effects of CycAΔ80 overexpression in various human
cell lines, and checked the expression levels of CKIs
p21, p27 and p107 that could inhibit cyclin A-CDK
activation in these cell lines by western blotting
(Figure 1(b)). In HEK293 cells, both p21 and p27
proteins are undetectable. In MDAH041 cells, p21
protein is undetectable and p27 protein level is rela-
tively low in comparison with other cell lines.
Meanwhile, p107 protein level is comparable among
these cell lines, except for WI-38, whose p107 level is
about three to five times lower than that in other cell
lines. Therefore, relatively low expression levels of p21
and p27 correlate with the induction of G2/M-phase
arrest by CycAΔ80. Moreover, we compared wild-
type cyclin A-CDK activity with CycAΔ80-CDK
activity in some of these cell lines. CycAΔ80-CDK
activity was higher than CycA WT-CDK activity in
HEK293 and MDAH041 where CycAΔ80 overex-
pression led to G2/M-phase arrest. In contrast,
CycAΔ80-CDK activity was no higher than CycA
WT-CDK activity in U-2 OS and HT1080 where
CycAΔ80 overexpression had little effect on the cell
cycle distribution (Figure 1(c)).

In order to investigate whether the G2/M arrest by
CycAΔ80 overexpression is dependent on CDK activ-
ity, we first overexpressed CycAΔ80 R211A mutant,
which cannot bind to CDK [20] (Figure S1), as well as
wild-type cyclin A and CycAΔ80 in HEK293 cells and
analyzed the effect of these CycA proteins by flow
cytometry. CycAΔ80 R211A mutant overexpression
had little effect as well as wild-type cyclin A, while
CycAΔ80 overexpression led to an increase in G2/M
population in a dose-dependentmanner (Figure 1(d)).
The expression level of CycAΔ80 R211A is nearly
comparable to that of CycAΔ80. This suggests that
the G2/M arrest by CycAΔ80 is dependent on its
binding to CDK. Next, we co-transfected CycAΔ80
with wild-type CDK2 (CDK2WT) or dominant-nega-
tive CDK2 mutant (CDK2dn). We observed that co-

expression of CDK2dn but not CDK2WT suppressed
the G2/M arrest by CycAΔ80 in a dose-dependent
manner (Figure 1(e)). Taken together, these results
suggest that G2/M-phase arrest by CycAΔ80 overex-
pression depends on its associated CDK activity.

G2/M-phase arrest is promoted by co-expressing
CycAΔ80 with E1A, which increases the amount
of CycA-CDK2 complex

In human cancer cell line MDAH041, G2/M-phase
arrest was only weakly induced by CycAΔ80 over-
expression even though the expression levels of
both p21 and p27 proteins are as low as those in
HEK293. We assumed that the different effect of
CycAΔ80 is caused by the expression of adeno-
virus-derived protein E1A in HEK293, and inves-
tigated the relationship between CycAΔ80 and
E1A. First, we confirmed the interaction of
CycA-CDK complexes and E1A in HEK293 cells
by co-immunoprecipitation. E1A interacted with
CycA and CDK2, but not with CDK1
(Figure 2(a)). Next, we co-transfected HEK293
cells with CycAΔ80 and E1A-specific siRNA, and
observed that the G2/M-phase arrest was sup-
pressed by knocking-down E1A (Figure 2(b)).
Then, we investigated endogenous CDK2 activity
and the amount of CycA-CDK2 complex in these
cells by immunoprecipitation and histone H1
kinase activity assay. We observed that both
CDK2 activity and the amount of CDK2-associated
CycAΔ80 decreased by the introduction of E1A-spe-
cific siRNA (Figure 2(c)). The amount of CycAΔ80
also decreased in the presence of E1A-specific siRNA,
suggesting that E1A increases the expression of
CycAΔ80.

By contrast, we co-transfected CycAΔ80 with
E1A in MDAH041 cells, and observed that the
G2/M-phase arrest was promoted by co-expres-
sing E1A (Figure 2(d)). We also investigated the
interaction of CycA and CDK2 in these cells by
immunoprecipitation and observed that the
amount of CycA-associated CDK2 increased
with co-expression of E1A (Figure 2(e)). This
suggests that E1A facilitates the formation of
CycA-CDK2 complex. Furthermore, to investigate
whether endogenous CDK2 activity is increased
by E1A co-transfection, we extracted CDK2 from
MDAH041 cells co-transfected with CycAΔ80,
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with or without E1A, by immunoprecipitation
and assayed for histone H1 kinase activity. We
observed that CycAΔ80-associated CDK2 activity
from the cells co-transfected with E1A was higher
than without E1A (Figure 2(f)). The amount of
CycAΔ80 expression also increased with E1A co-

expression as shown in Figure 2(e). Co-expression
of E1A increased the amount of CycAΔ80, but not
cyclin E, associated with CDK2 (Figure 2(f)).
These results suggest that endogenous CDK2 activ-
ity is enhanced by co-expressing E1A, which
increases the amount of both CycA and CycA-

Figure 2. G2/M-phase arrest is enhanced by co-expressing E1A. (a) Extracts from HEK293 cells were immunoprecipitated with control
IgG and anti-E1A antibody, and immunoblotted for cyclin A (CycA), CDK1 and CDK2. (b) 10 µg of the mtCycAΔ80 vector was co-
transfected with indicated concentrations of E1A-specific siRNA and 1 µg of the GFP vector in HEK293 cells, and cell cycle profiles of
the GFP-positive cells were analyzed by flow cytometry (top). Cell cycle distributions are shown in the bottom panel. **p < 0.01. (c)
Extracts from HEK293 cells co-transfected with the mtCycAΔ80 vector and E1A-specific siRNA were immunoprecipitated with anti-
CDK2, immunoblotted for E1A and mtCycAΔ80, and assayed for histone H1 kinase activity (left panel). Relative E1A protein amount
(0 nM siRNA = 1) in the cell extracts (input) is shown in the top middle panel. H1 kinase activity relative to the amount of CDK2
proteins (0 nM E1A siRNA = 1) is shown in the top right panel. Relative amounts of CDK2-associated mtCycAΔ80 and E1A (0 nM E1A
siRNA = 1) are shown in the middle and right bottom panels, respectively. *p < 0.05. (d) Indicated amounts of the mtCycAΔ80 vector
was co-transfected with 5 µg of E1A expression vector (pE1A) and 1 µg of the GFP vector in MDAH041 cells, and cell cycle profiles of
the GFP-positive cells were analyzed by flow cytometry (top). Cell cycle distributions are shown in the bottom panel. *p < 0.05,
**p < 0.01. (e) Extracts from MDAH041 cells co-transfected with 10 µg of the mtCycA WT or mtCycAΔ80 vector, with or without 5 µg
of pE1A, were immunoprecipitated with anti-myc-tag and immunoblotted for CDK2 and E1A (left panel). Relative amounts of
mtCycA-associated CDK2 (mtCycA WT only = 1) are shown in the right panel. **p < 0.01. (f) Extracts from MDAH041 cells co-
transfected with 10 µg of the mtCycAΔ80 vector, with or without 5 µg of pE1A, were immunoprecipitated with anti-CDK2,
immunoblotted for E1A, cyclin E, and mtCycAΔ80, and assayed for histone H1 kinase activity (left panel). H1 kinase activity relative
to the amount of CDK2 proteins is shown in the middle top panel (E1A- = 1). Relative amounts of CDK2-associated mtCycAΔ80 and
cyclin E (E1A- = 1) are shown in the bottom panels (middle and right, respectively).
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CDK2 complex, and that the elevated CDK2 activ-
ity promotes G2/M-phase arrest.

G2/M-phase arrest is induced by CycAΔ80
overexpression via ATR-Chk1 pathway

A previous report has shown that CDK2 induces
the G2/M-phase arrest via ATR-Chk1 pathway,

which is p53-independent [11]. We, therefore,
asked if G2/M-phase arrest induced by overexpres-
sion of CycAΔ80 depends on ATR-Chk1 pathway.
Thus, in p53-negative MDAH041 cells, we co-
transfected CycAΔ80 with E1A and treated them
with specific inhibitors of Chk1, Chk2 and ATR.
We observed that the G2/M-phase arrest by
CycAΔ80 was suppressed by caffeine (ATM/ATR
inhibitor), MK8766 and UCN-01 (Chk1-specific

Figure 2. Continued.
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inhibitors), but not by PV1019, a specific inhibitor
of Chk2 (Figure 3(a)). Moreover, to identify the
period of Chk1 function in the G2/M-phase arrest,
we treated MDAH041 cells co-expressing
CycAΔ80 and E1A with nocodazole, which blocks
cell cycle at prometaphase in mitosis, and
MK8766. After the release from nocodazole

block, a substantial population of cells expressing
CycAΔ80 was still arrested at G2/M phase, while a
majority of cells expressing CycA WT was released
(Figure 3(b), ②). A treatment with MK8766 8 h
before the release from nocodazole block (Figure 3
(b), ③) suppresses G2/M-phase arrest by the
CycAΔ80 overexpression more efficiently than a

Figure 3. G2/M-phase arrest is induced by CycAΔ80 overexpression via ATR-Chk1 pathway. (a) MDAH041 cells co-transfected with 10
µg of the mtCycAΔ80 vector, 5 µg of pE1A and 1 µg of the GFP vector were treated with ATM/ATR, Chk1, and Chk2 inhibitors (final
concentration: 4 mM caffeine, 1 μM MK8776, 50 nM UCN-01, 300 nM PV1019, respectively) for 24 h, and cell cycle profiles of the GFP-
positive cells were analyzed by flow cytometry (top). Cell cycle distributions are shown in the bottom panel. *p < 0.05, **p < 0.01. (b)
MDAH041 cells co-transfected with 10 µg of the mtCycAΔ80 vector, 5 µg of pE1A and 1 µg of the GFP vector were treated for 24 h with
0.1 µM nocodazole added 16 h after transfection (①), then released from nocodazole for 8 h (②) or treated with 1 µM MK8776 for 8 h,
before (③) or after (④) the release from nocodazole, and cell cycle profiles of the GFP-positive cells were analyzed by flow cytometry
(top). As for the nocodazole-released condition (②), the cell cycle profile of the cells co-transfected with the mtCycA WT vector was also
shown. Cell cycle distributions are shown in the bottom panel. **p < 0.01. (c) Extracts from MDAH041 cells co-transfected with 10 µg of
the mtCycAΔ80 vector, with or without 5 µg of pE1A, were immunoprecipitated with anti-myc-tag and immunoblotted for the CDK1
and CDK1 phosphorylated at Y15 (pY15) (left). Relative amounts of mtCycA-associated CDK1-pY15 (E1A – = 1) are shown in the right
panel. (d) Extracts from MDAH041 cells co-transfected with 10 µg of the mtCycAΔ80 and 5 µg of p E1A, treated for 24 h with 0.1 µM
nocodazole 16 h after transfection and treated with or without 1 µM MK8776 for 8 h before harvest, were immunoprecipitated with
anti-myc-tag and immunoblotted for the CDK1 phosphorylated at Y15 (pY15) and CDK1 (left). Relative amounts of mtCycA-associated
CDK1-pY15 (-Chk1 inhibitor = 1) are shown in the right panel. *p < 0.05. (e) MDAH041 cells co-transfected with 10 µg of the
mtCycAΔ80 vector, 5 µg of pE1A, 1 µg of the GFP vector and 3 µg each of empty vector (EV), wild-type CDK1 (CDK1WT),
unphosphorylatable mutant CDK1 (CDK1AF) or cdc25A expression vector were treated for 24 h with 0.1 µM nocodazole after
transfection, released for 8 h, and cell cycle profiles of the GFP-positive cells were analyzed by flow cytometry (top). Cell cycle
distributions are shown in the bottom panel. *p < 0.05, **p < 0.01.
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Figure 3. Continued.
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treatment after the release (Figure 3(b), ④). These
results suggest that the G2/M-phase arrest by
CycAΔ80 overexpression is induced by DNA
damage checkpoint via ATR-Chk1, which func-
tions before prometaphase.

Furthermore, the previous report has shown that
ATR-Chk1 activation by CDK2 suppresses depho-
sphorylation by cdc25A, which leads to CDK1 acti-
vation, at tyrosine 15 (Y15) [11]. We, therefore,
asked if hyperactivation of CycAΔ80-CDK
increases phosphorylation of CDK1 at Y15
(CDK1-pY15), via ATR-Chk1 pathway. First, in
MDAH041 cells, we co-transfected CycAΔ80 with
or without E1A. We observed that amount of
CDK1-pY15 associated with CycAΔ80 was
increased by co-expression of E1A (Figure 3(c)).

Next, we co-transfected CycAΔ80 with E1A and
treated them with or without MK8766 8 h before
the release from nocodazole block in MDAH041
cells. We observed that amount of CDK1-pY15
associated with CycAΔ80 was decreased by
MK8766 treatment (Figure 3(d)). Moreover, we
co-transfected CycAΔ80 with E1A and CDK1WT
or CDK1AF mutant, which eliminates the repres-
sive phosphorylation at T14 and Y15, in MDAH041
cells. Co-expressing CDK1AF suppressed the G2/M
arrest by CycAΔ80, after the release from nocoda-
zole block, more efficiently than co-expressing
CDK1WT (Figure 3(e)). We also co-transfected
CycAΔ80 with E1A and cdc25A in MDAH041
cells, and observed that co-expressing of cdc25A
similarly suppressed the G2/M arrest by CycAΔ80

Figure 3. Continued.
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(Figure 3(e)). These results suggest that CycAΔ80
overexpression and activation of its associated
CDK2 lead to ATR-Chk1 activation, which results
in inactivation of CDK1 via cdc25A suppression
and induces G2/M arrest.

Discussion

CycA-CDK is negatively regulated by degradation
via ubiquitin-dependent proteolysis and inactivation
via CKI (p21, p27, p107) binding. Failure of these
negative regulations causes genetic instability. Our
previous work has shown that a stabilized mutant
cyclin A induces tetraploidization in p21−/- p27−/-

p107−/-, but not in p21−/- p27−/-, MEFs [12]. Here,
we investigated the effect of hyperactivity of cyclin
A2 in human cells and observed that CycAΔ80 over-
expression induced G2/M-phase arrest in two
human cell lines, HEK293 and MDAH041
(Figure 1(a,b)). These human cell lines express low
levels of p21 and p27 compared to other human cell
lines in which CycAΔ80 overexpression did not
induce G2/M-phase arrest. By contrast, in p21−/-

p27−/- MEFs, CycAΔ80 overexpression did not
induce G2/M-phase arrest. These results suggest
that CycAΔ80 overexpression causes different effects
between MEFs and human cell lines.

We probed the mechanisms that G2/M-phase
arrest by CycAΔ80 overexpression in human cell
lines. A previous report has shown that CDK2 reg-
ulates the G2/M-phase checkpoint by activating
ATR-Chk1 pathway, which is p53-independent
[11]. We demonstrated that CycAΔ80 overexpres-
sion induced G2/M-phase arrest in human cells. In
addition, we observed that CDK2 activity is
enhanced by co-expressing E1A, which facilitates
the formation of CycA-CDK2 complex and thereby
promotes G2/M-phase arrest (Figure 2(d–f)).
Intriguingly, a previous report has shown that E1A
inhibits 26S proteasome activity [21]. We observed
that the amount of exogenous CycA expression is
fluctuated by E1A expression level. This result could
be caused by an inhibition of 26S proteasome by
E1A. However, the amount of CDK2 associated
with CycAΔ80 was increased by co-expression of
E1A (Figure 2(e)), suggesting that E1A not only
increases the CycA protein level but facilitates the
formation of CycA-CDK2 complex. Our observation
that E1A increased CycAΔ80, but not cyclin E, which

is associated with CDK2 (Figure 2(f)) suggests that
E1A does not enhance cyclin E-CDK2 activity.
Indeed, we observed that cyclin E and E1A co-
expression does not induce G2/M-phase arrest
(Figure S2).

These results correlate with the observations that
CDK2 activity stimulates ATR-Chk1 pathway and
induces G2/M-phase arrest in the previous report
[11]. We indeed observed that G2/M-phase arrest
induced by CycAΔ80 overexpression was sup-
pressed by the addition of ATR and Chk1 inhibitors
(Figure 3(a)). In addition, suppression of CycAΔ80-
derived G2/M-phase arrest by Chk1 inhibitor was
observed without co-expressing E1A (Figure S3).
Moreover, the previous paper has shown that
CDK1pY15 is increased via inhibition of cdc25A
by Chk1 [11]. Chk1 has been shown to inhibit
interaction between cdc25A and cyclin-CDK com-
plex [22]. We also observed that CycAΔ80-induced
G2/M-phase arrest was suppressed by co-expressing
cdc25A or unphosphorylatable CDK1AF mutant
(Figure 3(e)). These results suggest that G2/M-
phase arrest by CycAΔ80 overexpression in
human cells is caused by inactivation of CDK1 via
ATR-Chk1-mediated cdc25A suppression. On the
other hand, another report has shown that CDK2 is
not required for Chk1 activation and G2/M-phase
checkpoint [23]: the amount of p21 binding to
CDK1 increases upon DNA damage in CDK2−/-

cell line, which induces G2/M-phase checkpoint.
Our present studies, however, demonstrate that
aberrant activation of CDK2 induces G2/M-phase
arrest via ATR-Chk1 pathway in the cell lines
expressing undetectably low level of p21, which is
different from the status of CDK2 activity and p21
expression in the cell lines described in that report.

In conclusion, we show that aberrant activation
of CDK2 by CycAΔ80 overexpression induces G2/
M-phase arrest via the cell cycle checkpoint ATR-
Chk1 pathway. This response may contribute to
checking and eliminating abnormal cells in which
CycA-CDK activity is deregulated. It should be
noted that this response depends on the stabiliza-
tion of CycA (and concomitant activation of
CycA-CDK) from metaphase to G1-phase, the
period when CycA is disrupted in normal cell
cycle, since CycAΔ80 induces G2/M-phase arrest
stronger than wild-type CycA. Further analyses on
pathway(s) downstream of aberrant stabilization of
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CycA during M/G1 phase would shed light on a
physiological role of this response.
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