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Whereas many components regulating the progression from S phase through G2 phase into mitosis have been
identified, the mechanism by which these components control this critical cell cycle progression is still not fully
elucidated. Cyclin A/Cdk2 has been shown to regulate the timing of Cyclin B/Cdk1 activation and progression into
mitosis although the mechanism by which this occurs is only poorly understood. Here we show that depletion of Cyclin
A or inhibition of Cdk2 during late S/early G2 phase maintains the G2 phase arrest by reducing Cdh1 transcript and
protein levels, thereby stabilizing Claspin and maintaining elevated levels of activated Chk1 which contributes to the G2
phase observed. Interestingly, the Cyclin A/Cdk2 regulated APC/CCdh1 activity is selective for only a subset of Cdh1
targets including Claspin. Thus, a normal role for Cyclin A/Cdk2 during early G2 phase is to increase the level of Cdh1
which destabilises Claspin which in turn down regulates Chk1 activation to allow progression into mitosis. This
mechanism links S phase exit with G2 phase transit into mitosis, provides a novel insight into the roles of Cyclin A/Cdk2
in G2 phase progression, and identifies a novel role for APC/CCdh1 in late S/G2 phase cell cycle progression.

Introduction

Cell cycle progression is regulated by the ordered activation
of Cyclin/Cdk complexes.1 Cyclins are the regulatory subunits
of these protein kinase complexes and are essential for activa-
tion and substrate specificity of these complexes. Cdk1 is the
only essential mammalian Cdk and it can compensate for dele-
tion of other individual Cdks in all but a few tissue-specific
functions.2,3 Despite this redundancy, individual Cdks have
important functions in the somatic cell cycle. Cdk2 is the most
closely related to Cdk1 and has critical roles in initiation of
DNA replication when complexed with Cyclin E, and work
from a number of groups have shown that Cyclin A/Cdk2 has
roles in S phase progression and, perhaps more critically, in G2
phase it regulates the timing of Cyclin B/Cdk1 activation and
entry into mitosis.4-8

Several mechanisms by which Cyclin A/Cdk2 controls the
subsequent activation of Cyclin B/Cdk1 and progression into
mitosis have been proposed, including regulating nuclear enve-
lope breakdown and Cyclin B/Cdk1 accumulation in the
nucleus,7 and regulation of the negative regulator of Cyclin B/
Cdk1 activity Wee1.5,9 We have previously reported that Cyclin

A/Cdk2 also co-ordinates the activation of centrosomal and
nuclear pools of Cyclin B/Cdk1.4 This has also been reported to
be regulated by the checkpoint kinase Chk1.10 Active Chk1 is
present in cells in the absence of DNA damage during inter-
phase,10-12 and inhibition or depletion of Chk1 during an unper-
turbed G2 phase results in premature activation of Cyclin B/
Cdk1 and entry into mitosis, indicating a role for Chk1 in regu-
lating the normal timing of entry into mitosis during normal cell
cycle progression.12,13 Cyclin A/Cdk has also been suggested to
regulate Chk1 activity directly through the phosphorylaiton of
inhibitory sites.14

Chk1 is activated by the apical checkpoint signaling kinase
ATR, and this activation is critically dependent on association
with an adaptor protein, Claspin.15,16 ATR activates Chk1 by
phosphorylation of specific serine residues (Ser317 and Ser345)
which have overlapping functions.17,18 Claspin appears to be pri-
marily regulated at the level of its protein stability. The E3 ubiq-
uitin ligase complex APC/C (anaphase promoting complex/
cyclosome) regulates exit from mitosis and establishes a stable G1
phase through the ubiquitin-mediated degradation of a suite of
protein substrates. APC/C has two substrate recognition subu-
nits, Cdc20 and Cdh1, and although they have some substrate
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overlap, APC/CCdc20 initiates mitotic exit, while APC/CCdh1

completes this process and establishes G1 phase.19,20 Claspin sta-
bility is regulated by bTrCP in mitosis through Plk1-dependent
phosphorylation of a phosphodegron,21 and in G1 phase by
APC/CCdh1-dependent ubiquitination of Claspin.22,23 Cyclin A/
Cdk2 has been reported to bind and phosphorylates Cdh1/Fzr1
to maintain the APC/C in an inactive form during S and G2
phase.24,25

Here we have investigated the mechanism by which Cyclin A/
Cdk2 controls the timing of Cyclin B/Cdk1 activation and entry
into mitosis in the unperturbed cell cycle, assessing the effect of
Cyclin A depletion on known Cyclin A/Cdk interacting proteins
with potential G2 phase regulatory functions, Cdh1 and Chk1.
We identify an unexpected role for Cyclin A/Cdk2 in regulating
Cdh1 levels and thereby APC/CCdh1-regulated Claspin levels and
Chk1 activation during normal G2 phase progression.

Results

Cyclin A depletion decreased Cdh1 levels
To assess the effect of Cyclin A depletion on G2 functions,

synchronised HeLa cells cultures were used. Depletion of Cyclin
A using 2 independent siRNA previously shown to be highly
selective for Cyclin A4,26was found to reduce G2 phase Cdh1 lev-
els by 80% (Fig. 1A,B). This effect was mimicked by Cdk2, but
not Cdk1 inhibition. The reduction in Cdh1 levels was also
observed in asynchronously growing cells, although this was less
than observed in synchronised G2 phase cells (Fig. 1C), suggest-
ing that the effect is cell cycle phase specific. Cyclin A depletion
similarly reduced Cdh1 levels in asynchronous U2OS cells
(Fig. 1D). The effect of Cyclin A siRNA on Cdh1 levels was res-
cued by over expressing a Cyclin A-Cherry fusion construct,
either wild type or a mutant that was more resistant to Cyclin A

Figure 1. Cdh1 levels are reduced with Cyclin A depletion. (A) HeLa cells were transfected with nonsense control (NS), cyclin A siRNA #1 and #3 or Cdh1
siRNA, then synchronised with overnight thymidine arrest. Untransfected cells were treated with inhibitors of Cdk2 (Cdk2i), Cdk1 (Cdk1i) or DMSO control
(Con) at 4 h after release. Cells were harvested 7 h after release from the synchrony arrest, lysed and immunoblotted for cyclin A, Cdh1 and a-tubulin as a
loading control. (B) The bar graph shows quantitation of Cdh1 levels from at least 3 similar independent experiments. (C) Asynchronously growing HeLa
cells were transfected with Cyclin A siRNA #1 and #3, a nonsense control (NS) or a lipofectamine treated only control (Con). Cells were harvested at 24 h.
The bar graph show quantitation of Cdh1 levels from at least three independent experiments. (D) Asynchronously growing U2OS cells were transfected
with the indicated siRNA and harvested 24 h after transfection and analyzed as in B. This is representative of three independent experiments. (E) HeLa
cells transfected with either nonsense (NS), Cyclin A siRNA (#1), Cdh1 siRNA, or combinations indicated. Cells were synchronised by thymidine overnight
then released into fresh media. At 5 h after release cells were followed by time lapse microscopy, with cells scored for entry into mitosis. Over 200 cells
were counted in each case. Inset shows the level of Cyclin A and Cdh1 depletion in this experiment.
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siRNA#1,26 in HEK293T cells. Overexpression of both Cyclin
A-Cherry fusions alone increased Cdh1 levels, and rescued the
reduction in Cdh1 protein levels with Cyclin A siRNA#1 trans-
fection which depleted the endogenous Cyclin A levels
(Fig. S1A). These data demonstrated that Cyclin A/Cdk2
was responsible for the maintenance of Cdh1 levels in G2 phase
cells.

The contribution of the reduced levels of Cdh1 to the G2
phase delay resulting from Cyclin A/Cdk2 depletion/inhibition
was assessed in Cdh1 siRNA depleted HeLa cells using time lapse
microscopy. Direct siRNA depletion of Cdh1 delayed progres-
sion of synchronised cells into mitosis. The extent of the delay
appeared dependent on the level of depletion. Depletion of
>90% Cdh1 resulted in a delay similar to Cyclin A depletion
(Fig. S1B), whereas suboptimal Cdh1siRNA treatment which
reduced Cdh1 in to a similar level to that found with Cyclin A
depletion, resulted in a shorter delay of entry into mitosis
(Fig. 1E). Co-depletion of Cdh1 and Cyclin A produced the
same delay as Cyclin A alone indicating the effects were via the
same mechanism. These data demonstrated that the decreased
level of Cdh1 with Cyclin A depletion was a significant contribu-
tor to the G2 phase delay observed, but does not alone account
for the delay.

The mechanism by which Cyclin A/Cdk2 regulated Cdh1 lev-
els in G2 phase was examined. The reduced level of Cdh1 with
Cyclin A/Cdk2 depletion/inhibition was not rescued by inhibi-
tion of proteasome activity with MG132, indicating that the
reduction was not via proteasome-mediated degradation
(Fig. 2A). MG132 treatment had no effect on Cdh1 levels in G2
phase cells, but it did increase the levels of Claspin, the APC/C
inhibitor Emi1, and Cyclin A to a more modest extent. Interest-
ingly, the Plk1 inhibitor BI-2536 had no effect on Cdh1 levels
suggesting that the G1 phase Plk1-dependent destabilisation of
Cdh1 did not operate in G2 phase.27 Similarly, the stability of a
mutant form of Cdh1 unable to bind Cyclin A was essentially
identical to the wild type Cdh1 in G2 phase HEK and HeLa cells
(Fig. S2), demonstrating that Cyclin A/Cdk2 did not affect the
stability of Cdh1 in G2 phase.

The effect of Cyclin A depletion on de novo synthesis of Cdh1
protein was investigated using a cyclohexamide block release.
Incubation with cyclohexamide for 3 h was sufficient to reduce
the protein level 50% in the nonsense treated control, and this
was rapidly rescued with washout of the cyclohexamide
(Fig. 2B). Although the level of Cdh1 was <40% of the control
in the Cyclin A depleted samples, it was also reduced to 50% of
its starting level and rapidly rescued with cyclohexamide washout
indicating that there was no overall effect on the translational
controls.

The level of Cdh1 mRNA was assessed by qPCR in G2
phase synchronised HeLa cells using two separate probes.
There was a 40–50% reduction in Cdh1mRNA levels with
two separate Cyclin A siRNAs, corresponding to the reduc-
tion in Cdh1 protein and translation observed (Fig. 2C),
indicating that Cyclin A/Cdk regulates the level of Cdh1
transcript in G2 phase, and thereby the Cdh1 translation and
protein levels.

Cyclin A depletion increases the stability of claspin
The reduced level of Cdh1 resulting from Cyclin A depletion

would be expected to affect the stability of APC/CCdh1 substrate
proteins. We observed a consistent 50% increase in Claspin levels
with both Cyclin A siRNAs (Fig. 3A and B). G2 phase Claspin
levels are regulated by proteasome-mediated degradation, dem-
onstrated by the increased Claspin levels in MG132 treated G2

Figure 2. Cyclin A depletion reduces Cdh1 transcript levels. (A) Cells
were transfected and synchronised as in A. At 4 h post release cells were
treated with or without 20 mM of MG132, Plk1 inhibitor (Plk1i) or Cdk2
inhibitor (Cdk2i) for 3 h. All samples were then collected 7 h post release.
Samples were lysed and immunoblotted for the indicated proteins. This
is representative of duplicate experiments. (B) HeLa cells were trans-
fected and synchronised as in A, although using only nonsense (NS) and
Cyclin A siRNA#1. At 7 h post release when cells were in G2 phase,
10 mg/ml cyclohexamide was added, and washout out 3 h later. Cells
were sampled at the indicated times after cyclohexamide addition and
immunoblotted for Cdh1, and PCNA as a loading control. (C) Asynchro-
nously growing HeLa cells were transfected with a nonsense control
(NS), Cyclin A siRNA #1 or #3, or Cdh1 siRNA. Cells were synchronised
with thymidine arrest overnight and released, harvested at 7 h post
release when they were in G2 phase and their Cdh1 mRNA content
assessed by qRT-PCR. The data are the mean and SEM of four indepen-
dent experiments and expressed relative to the nonsense control. The
level of Cdh1 was quantitated relative to the nonsense control.
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phase cells (Fig. 2A), suggesting that Cyclin A/Cdk2 may regu-
late Claspin stability. When Claspin protein stability was
assessed, Cyclin A depletion increased the half life of Claspin
from 1.5 h to over 4 h in synchronised G2 phase cell (Fig. 3C).

The effect of Cyclin A depletion and Cdk2 inhibition on
Cdh1 and Claspin levels appear to be maximal in G2 phase
synchronised cells. To ensure that this was not an artefact of the
synchrony procedure, cultures that had been transfected with
either nonsense, or siRNA to deplete Cyclin A or Cdh1 were
sorted by their DNA content by flow cytometry into G1, early
and late S phase (S1, S2) and G2/M phase (Fig. S3). Immuno-
blotting these fractions showed the expected elevated levels of
Cdh1 in G1 and G2/M fractions, whereas there appeared to be
an accumulation above the control G1 level with Cyclin A deple-
tion and loss of the G2/M phase accumulation. Claspin levels
appeared highest in the late S phase fraction in the nonsense con-
trol, and there was a modest accumulation of Claspin in the
Cyclin A depleted G2/M fraction (Fig. 4A). Interestingly, the
Cdh1 depleted cells showed a strong accumulation of Claspin in
all fractions compared with nonsense controls, and accumulation
of Cyclin A, a known APC/CCdh1 substrate.28 This temporal
association was found in synchronised cells progressing through
S into G2/M phase. There were elevated levels of Claspin during

S phase that appeared to be maximal at 6 h after synchrony
release and then reduced as cells progressed into mitosis
(Fig. 4B). This correlated with cells with increase in Cdh1 levels
observed from 5 h and the decrease in the inactive Tyr15 phos-
phorylated Cdk2 associated with Cyclin A (Fig. 4B), correspond-
ing to the Cdc25B-dependent G2 phase activation of Cyclin A/
Cdk2.29 Together, these data provide strong evidence that Cyclin
A/Cdk2 regulates Claspin levels through Cdh1-dependent pro-
teasomal degradation during late S/G2 phase.

Cyclin A/Cdk2 regulates only a subset of G2 phase Cdh1
substrates

The reduction in Cdh1 levels and corresponding increase in
the stability of Claspin with Cyclin A depletion suggested that
Claspin is an APC/CCdh1 target in G2 phase. It would also be

Figure 3. Cyclin A depletion increases Claspin stability. (A) Asynchro-
nously growing HeLa cells were transfected with a lipofectamine treated
only control (Con), nonsense (NS) or Cyclin A siRNAs (#1 and #3). 24 h
post transfection cells were collected, lysed and immunoblotted for Clas-
pin, Cyclin A and PCNA. (B) The level of Claspin after treatment relative
to nonsense treated control from four independent experiments is
shown. The double asterix indicates P < 0.01. (C) HeLa cells were trans-
fected with either nonsense (NS) or Cyclin A siRNA (#3) then synchron-
ised, cyclohexamide (CHX; 10 mg/ml) was added to G2 phase cells and
harvested at the indicated time after CHX addition. Lysates were immu-
noblotted for Claspin, and PCNA as a loading control. The data is from
three independent experiments.

Figure 4. Cyclin A regulates S/G2 phase Cdh1 and Claspin levels.
(A) HeLa cells were transfected with ether nonsense (NS), Cyclin A (#1) or
Cdh1 siRNA for 24 h then fixed, stained for their DNA content with propi-
dium iodide and sorted into four fractions, G1, early (S1), late S phase
(S2), and G2/M phase. The histograms are presented in Figure S5. Frac-
tions were immunoblotted for the indicated proteins. An asynchronous
culture is shown as a control (AS). These data are representative of repli-
cate experiments. (B) Thymidine synchronised HeLa cells were harvested
at the indicated times after release. Samples were analyzed by FACS for
their cell cycle distribution, or lysed and immunoblotted for the indi-
cated proteins. Lysates were also immunoprecipitated for Cyclin A and
the immunoprecipitates immunoblotted for the presence of the inactive
phosphoTyr15 Cdk2. The level of this inactive form was measured by
densitometry and shown on the same graph as the cell cycle distribution
(Cdk2 pY15). Mitotic shake-off sample (M) was run as a control. a-Tubulin
was used as a loading control.
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expected that the levels of other APC/CCdh1 targets such as Plk1
and Aurora A28,30 would increase. Surprisingly, no change in the
level of Plk1 or Aurora A was observed with Cyclin A depletion,
whereas Cdh1 siRNA-mediated depletion increased the levels of
Claspin, Plk1 and Aurora A two-fold (Fig. 5A). It also increased
the levels of another critical G2/M regulator Cdc25B. Although
not a known Cdh1 target, Cdc25B is transcriptionally regulated
by the Cdh1 target FoxM1, and increased FoxM1 level is likely
to account for the increase observed with Cdh1 depletion.31 Co-
depletion of Cyclin A and Cdh1 did not significantly affect the
levels of these proteins beyond Cdh1 depletion alone. The differ-
ence in the effects of Cyclin A depletion and direct Cdh1 siRNA
mediated Cdh1 depletion did not appear to be reliant on the level
of Cdh1 depletion. In the experiment shown (Fig. 5), similar lev-
els of Cdh1 were achieved with both Cdh1 and Cyclin A siRNA.

Cyclin A depletion maintains Chk1 activation
through reduced Cdh1 stabilizing Claspin

The regulation of Cdh1-Claspin by Cyclin A/Cdk2 in G2
phase suggested that this may maintain Chk1 activity thereby
inhibiting Cyclin B/Cdk1 activation and entry into mitosis. We
have previously demonstrated that Chk1 activity regulates nor-
mal G2/M phase progression.12 Cyclin A depletion modestly
increased the level of activated Ser317 phosphorylated Chk1
(pChk1 Ser317) in thymidine synchronised G2 phase HeLa cells
with two independent siRNA to Cyclin A (#1, #3; Fig. 6A
and B). Inhibition of Cdk2 similarly produced increased levels
of activated Chk1and G2 phase delay4 (Fig. S4A and B). The
increase in activated Chk1 was not a consequence of increased
DNA damage caused by Cyclin A siRNA treatment as measured
by assessing the levels of gH2AX, a marker of DNA damage
(Fig. S4C). Chk1 immunoprecipitates from lysates of either non-
sense or Cyclin A siRNA treated G2 phase cells, or G2 phase cells
treated with the Cdk2 inhibitor also revealed increased activated

Chk1 (Fig. 6C). A similar increase in Chk1 phosphorylated at
Ser296, marker of active Chk1, was observed with Cyclin A
depletion with each siRNA (Fig. S4D). No changes in the levels
of activated p38MAPK and Chk2, two other known G2/M regu-
latory kinases32,33 were observed with Cyclin A depletion (data
not shown).

Cyclin A depletion resulted in an accumulation of G2/M
phase cells and inactive pCdk1 Tyr15, a marker of G2 phase as
reported previously,4 and this was rescued by co-depletion of
Chk1 (Fig. 6D and 6E; Fig. S5). This was an incomplete rescue,
demonstrated by the kinetics of mitotic entry assessed using time
lapse microscopy. Neither inhibition using a small molecule
inhibitor of Chk1 nor depletion Chk1 was capable of completely
rescuing the G2 phase delay induced by Cyclin A depletion in
synchronised HeLa cells (Fig. 6F and G). Chk1 inhibition also
attenuated the G2 phase delay imposed by Cdk2 inhibitor treat-
ment (Fig. S4B).

Cyclin A/Cdk2 has been reported to phosphorylate Chk1 on
the inhibitory Ser286 and Ser301 residues also phosphorylated
by Cdk1.14,34 Examination of G2 phase HeLa cells depleted of
Cyclin A or treated with Cdk2 inhibitor revealed reduced levels
of Chk1 Ser301 phosphorylation compared to the control, but
this was also completely inhibited by the Cdk1 specific inhibitor
Ro-3306, indicating that Cyclin A/Cdk2 regulates this inhibitory
phosphorylation indirectly by regulating the timing of Cyclin B/
Cdk1 activation (Fig. S6).

Induced Cdh1 expression in thymidine synchronised G2
phase Tet-Off Myc-Cdh1 U2OS cells promoted a G2 phase
delay as reported previously,28 and was able to reverse the
increased phosphorylation of Chk1 Ser317 observed with Cyclin
A depletion (Fig. 7A and B). However, this did not rescue the
G2 phase delay as the increased Cdh1 reduced the levels of criti-
cal mitotic regulators such as Cyclin B1 and Cdc25B. Induced
Cdh1 expression also reduced Claspin levels (Fig. S7A). Like-
wise, co-depletion of Claspin and Cyclin A blocked the increase
in activation Chk1 observed with Cyclin A depletion alone as
expected (Fig. 7C and D), but was unable to rescue the G2 phase
delay induced by the Cyclin A depletion. This was because Clas-
pin depletion delayed progression through S phase characterised
by elevated S phase levels of Cdc25B, Wee1 and pCdk1Tyr15,
although it did reduce the level of activated Chk1 (Fig. S7B and
C). This demonstrates that inappropriate increases in Cdh1 level
and consequent loss of Claspin during S phase are detrimental to
progression from S phase to mitosis. It also demonstrates that in
the absence of normal G2 phase Cyclin A/Cdk2-dependent regu-
lation of Cdh1 levels, the inability to destabilise Claspin at the
end of S phase results in maintenance of Chk1 activity, thereby
inhibiting Cyclin B/Cdk1 activation and entry into mitosis.

Discussion

Here we have examined the mechanism by which Cyclin A/
Cdk2 regulates normal G2/M phase progression, and found in
three cell lines that Cyclin A depletion reduces Cdh1 levels selec-
tively in late S/G2 phase cells. Recently, Cyclin A/Cdk2 acting

Figure 5. Cyclin A/cdk2 regulates a subset of Cdh1 targets. HeLa cells
were transfected with either Lipofectamine alone (Con), nonsense (NS),
or Cyclin A siRNAs (#1, #3) without and with co-transfection with Cdh1
siRNA. Cells were synchronised with thymidine and harvested at 7 h
after release when they were in G2 phase, lysed and immunoblotted for
the indicated proteins.
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through Plk1 and bTrCP was shown to regulate the stability of
Cdh1 in G1 phase,27 and Cyclin A depletion did appear to
increase the level of G1 phase Cdh1 in our FACS sorted cell cycle
fractions, supporting this model. Inhibition of Plk1 had no effect
on Cdh1 levels in G2 phase, and the stability of a mutant Cdh1
unable to bind Cyclin A was also unaffected, indicating that the
Cyclin A/Cdk2-Plk1-bTrCP dependent regulation of Cdh1 sta-
bility was restricted to G1 phase. We found a reduction in the
level of Cdh1 transcript with Cyclin A depletion that mirrored
the reduction in Cdh1 translation and protein levels. Cdh1

transcript accumulates during G2 phase,35 and it is this accumu-
lation from the G1/S phase level of Cdh1 transcript that is regu-
lated by Cyclin A/Cdk2. It would appear difficult to reconcile
the data here with previously published work suggesting that
Cyclin A/Cdk2 inhibited APC/CCdh1 activity in S/G2 phase.24,25

It may be that these studies relate to the G1 phase Cyclin A/
Cdk2-
Plk1-bTrCP dependent mechanism where loss of Cyclin A/Cdk2
activity would result in the accumulation of Cdh1 and APC/
CCdh1 activity.

Figure 6. Chk1 depletion attenuates the Cyclin A dependent G2 phase delay. (A) HeLa cells were transfected with nonsense control (NS), cyclin A siRNAs
(#1, #3) or Cdh1 siRNA, then synchronised with overnight thymidine arrest. Cells were harvested 7 h after release from the synchrony arrest, lysed and
immunoblotted for cyclin A, Cdh1, pChk1 Ser317 and a-tubulin as a loading control. (B) The bar graph shows quantitation of the increase in pChk1 levels
with two independent siRNA, #1 and #3, relative to the nonsense siRNA from at least three independent experiments. The double asterix indicate P <

0.01. (C) HeLa cells treated with either nonsense or Cyclin A siRNA #3 where synchronised then harvested at 7 h post release in G2 phase. A parallel
synchronised G2 phase sample treated with Cdk2 inhibitor was also prepared. Lysates from these samples were immunoprecipitated with Chk1 anti-
body, and the immunoprecipitates and lysates immunoblotted with the indicated antibodies. (D) Asynchronous HeLa cells were either mock transfected
(Con) or transfected with nonsense (NS), Cyclin A siRNA (#1), Chk1 siRNA (Chk1) or Cyclin A and Chk1 siRNA. Cells were harvested after 24 h and analyzed
for their DNA content by FACS. The data is the G2/M population from three independent experiments. Error bars represent standard error. (E) Samples
from the experiment shown in D were immunoblotted Cyclin A, Chk1, pCdk1 Tyr15, and a-tubulin as a loading control. (F and G) HeLa cells treated with
either nonsense (NS), Cyclin A (#1), #1 and Chk1 siRNA or #1 and 2.5 mM Chk1 inhibitor (Chk1i) were thymidine synchronised and followed by time lapse
microscopy 6 hours after synchrony release. Cells were scored for entry into mitosis, over 200 cells were counted in each case. This result is a typical of
three independent experiments.
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The mechanism by which Cyclin A/Cdk2 regulates Cdh1
mRNA levels is at present unknown. Cyclin A/Cdk2 directly reg-
ulates the activity of B-Myb,36,37 and this has been shown to
bind to the promoter of Cdh1.38,39 Interestingly, another Cyclin
A/Cdk2 regulated transcription factor, FoxM1, has been found
to be co-recruited to promoters of mitotic genes with B-Myb,38

suggesting that the observed effect is due to defective transcrip-
tional regulation of mitotic genes including Cdh1 by Cyclin A/
Cdk2, but this will require further investigation.

The surprising finding was Cyclin A/Cdk2 depletion/
inhibition-mediated Cdh1 reduction affected only a limited
subset of APC/CCdh1 targets. Direct depletion of Cdh1 regu-
lated all of the APC/CCdh1 substrates examined, Claspin, Plk1
and Aurora A. It also demonstrated that Cdh1 maintained the
mitotic substrates Plk1 and Aurora A in a steady state by low
level APC/CCdh1 activity in G2 phase. This contrasted with
depletion of Cyclin A and the associated reduction in Cdh1,
which does not affect APC/CCdh1 activity toward the mitotic
substrates Plk1 and Aurora A. The basis for the difference of
the effect of Cyclin A-mediated Cdh1 depletion and direct
Cdh1 siRNA mediated depletion is unclear. It is unlikely to
be a difference in the level of Cdh1 depletion achieved, as sub-
optimal Cdh1 siRNA depletion was sufficient to increase the
levels of all substrates examined.

Claspin levels fluctuate through the cell cycle, being maximal
in S/G2 phase then reducing into mitosis, with their lowest levels
in early G1 phase.21,40 Claspin stability in mitosis is regulated by
bTrCP through Plk1-dependent phosphorylation of a phospho-
degron,21 and this low level is maintained in G1 phase by APC/
CCdh1.23 Our data points to Claspin stability being regulated by
Cdh1in late S/G2 phase. The initial decrease in Claspin from its
peak levels is temporally correlated with the increase in Cdh1 lev-
els in late S/G2 phase,41 whereas other reports have focused on
the M/G1 phase role of Cdh123,42 failing to observed the S/G2
phase reported here. The lack of additive effect of Cyclin A and
Cdh1 co-depletion over depletion of either alone on Claspin sta-
bility implies that Cyclin A/Cdk2 and Cdh1 operate in the same
pathway to regulate Claspin stability, and the increased Claspin
level in the Cyclin A depleted G2 phase cells is directly attribut-
able to the reduced Cdh1 levels. Cdh1 has been shown to regu-
late Claspin in G2 phase checkpoint arrested cells, although in
this case the activity of Cdh1 is countered by USP28 to maintain
Claspin levels.22

The increased Claspin level in the Cyclin A/Cdk2 depleted/
inhibited G2 phase cells was responsible for a modest increase in
activated Chk1, and a similar modest level of activated Chk1
found in normal G2 phase cells was responsible for delaying pro-
gression into mitosis.12 Cyclin A/Cdk2 regulation of Cdh1-

Figure 7. Cdh1 over expression and Claspin depletion block Chk1 activation. (A and B) U2OS cell line with tetracycline repressed Myc-Cdh1 were trans-
fected with either nonsense (NS) or Cyclin A siRNAs (#3), synchronised with overnight thymidine arrest, then at release either induced for Cdh1 (-Tet) or
not (CTet). 24 h post induction samples were collected, lysed and immunoblotted for the indicated proteins, PCNA was a loading control. The induced
Cdh1 is indicated with the filled arrowhead, and endogenous with the open arrowhead. The level of pChk1 S317 was quantitated and expressed a% NS
C tetracycline control. (C and D) HeLa cells were transfected with either nonsense (NS), Cyclin A (A#3), Claspin or Cyclin A and Claspin siRNA. Cells were
harvested 24 h post transfection and immunoblotted for the indicated proteins. The level of pChk1 S317 was quantitated and expressed a% NS control.
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Claspin-Chk1 activation contributes to the G2 phase delay
observed in Cyclin A/Cdk2 depleted/inhibited cells. Previous
studies have also identified Wee1 and Emi1 as Cyclin A/Cdk2
targets,5,9,43 and these also contribute to the Cyclin A/Cdk2-
dependent regulation of G2 phase progression, although these
are distinct from of Cdh1-regulated mechanism reported here.
Cyclin A/Cdk1/2 also regulates FoxM1 activity which regulates
the expression of critical mitotic genes such as Plk1, Cyclins B1
and Cdc25B.44,45 We did not observe any changes in the levels
of these FoxM1 substrates with Cyclin A depletion, suggesting
that whereas chronic Cyclin A/Cdk2 inhibition used in the previ-
ous studies can regulate FoxM1-dependent transcription of criti-
cal mitotic regulators, an acute response to Cyclin A/Cdk2
inhibition is mediated through regulation of Cdh1 levels.

The regulation of Cdh1 levels and targeting of late S/G2
phase APC/CCdh1 substrates, including Claspin, appears to be a
significant contributor to the mechanism by which Cyclin A/
Cdk2 regulates progression through G2 phase into mitosis. The
elevated levels of Claspin in turn maintain Chk1 activation delay-
ing entry into mitosis. We found that the level of Claspin which
is maximal in late S/G2 phase,21,40 correlates with the nadir of
Cdh1 in S phase.41 The accumulation of Cdh1 during late S/G2
phase is temporally correlated with the activation of Cyclin A/
Cdk2 at occurs during this transition,29 and this appears suffi-
cient to destabilise a subset of APC/CCdh1 substrates including
Claspin, but not affecting mitotic substrates of this complex. The
reduction in Claspin levels in late S/G2 phase correlates with the
decline in activated Chk1 reported previously that is responsible
for delaying entry into mitosis during the unperturbed cell
cycle.12 Together with the Cyclin A/Cdk2-dependent regulation
of Wee1, Emi1 and FoxM1,5,9,43-45 the regulation of Cdh1 levels
in late S/G2 phase provide the mechanistic basis for Cyclin A/
Cdk2 regulation of Cyclin B/Cdk1 activation and entry into
mitosis.

Materials and Methods

Cell Culture- HeLa, U2OS, and U2OS cell line with tetracy-
cline repressed Myc-Cdh1 (a gift of J. Lukas28) and HEK293T
cells were cultured at 37�C in a 5% CO2-humidified atmosphere
in Dulbecco’s modified Eagle’s medium (Gibco, CA, USA), sup-
plemented with 10% Serum Supreme (BioWhittaker) and
3 mM HEPES. Cells were synchronised with a single thymidine
block as described previously.46 For Cdh1 induction, samples
were washed 3 times with warmed PBS for 10 minutes then
media was reapplied to cells without addition of tetracycline.
Inhibition of Cdk2 was achieved using 2 mM PHA533533.47

Cdk1 activity was selectively inhibited using 9 mM Ro-3306
(Calbiochem).

SiRNA-mediated ablation of Cyclin A (2 separate Cyclin A
siRNAs #1 and #3), and Chk1 were as reported previously.4,12

Rescue of Cyclin A siRNA depletion was performed by overex-
pressing with Cherry fusion Cyclin A constructs as reported pre-
viously.26 Cdh1 and Claspin siRNAs were On Target Plus
Smartpools or individual siRNA duplexes purchased from

Dharmacon. Transfections were carried out in 6-well plates using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s
instructions.

Time lapse microscopy- Time lapse experiments were per-
formed with cells seeded into 6 well plates, transfected, synchron-
ised and images taken at indicated times using a Zeiss Live Cell
Observer with a 37�C incubator and 5% CO2 hood. Images
were captured with a 20X objective on a Zeiss AxioCam MRm
camera using AxioVision software. From the image stacks, time
of mitosis entry and exit for each cell was recorded, and percent
cumulative mitosis of the entire field was determined. Entry into
mitosis was marked by the appearance of the rounded mitotic
morphology as reported previously.4

Cell cycle analysis- For DNA content analysis, floating and
attached cells were collected, fixed in ice-cold 70% ethanol and
stored at ¡20�C. Cells were stained and analyzed on a
FACSCalibur system (BD Biosciences) using Cell Quest (BD
Biosciences) and ModFit (Verity Software, Topsham, ME) data
analysis software as described previously.29

Fixed Cell Sorting- HeLa and U2OS cells were transfected
with siRNA, and both floating and attached cells (1.5 £ 107)
were harvested at 16 h after transfection, fixed in ¡20�C 70%
ethanol and stored at ¡20�C. For sorting, cells were washed
twice with phosphate buffer saline (PBS) contained 0.1% Triton
X-100 (Sigma) and stained in PBS with 2 mg/ml propidium
iodide (PI) and 500 mg/mL RNase A (Invitrogen).48 The stain-
ing suspension was subsequently filtered through 37 micron
gauze and collected into FACS tubes. All the samples were sorted
into 4 contiguous windows of cell cycle based on PtdIns fluores-
cence by using MoFlo Astrios cell sorter (Beckman Coulter).
60,000 cells from each sorted population were solubilised with 1
x SDS-PAGE sample buffer and boiled for 10 minutes before
western blotting. Data analysis was performed on Kaluza (Beck-
man Coulter), where the phase distribution of cell cycle in each
sample was calculated by obtaining the sorted number of cells in
gated regions.

Immunoblotting- Cells were lysed in buffer (250 mM NaCl,
1 mM EDTA, 0.5% Nonidet P-40, 20 mM Tris, pH 8) supple-
mented with 5 mg/ml aprotinin, 5 mg/ml pepstatin, 5 mg/ml
leupeptin, 0.5 mM phenylmethylsulfonyl fluoride, 25 mM NaF,
25 mM b-glyerophosphate and 0.1 mM sodium orthovanadate.
Samples (20 mg of protein) were resolved on 10% SDS-
polyacrylamide gel electrophoresis and then transferred to nitro-
cellulose membranes. Membranes were probed with pChk1
Ser317 (Bethyl and Cell Signaling), pCdk1 Tyr15, pChk1
Ser296, pChk1 Ser345, pMEK1 Thr286 and Claspin (Cell Sig-
naling), Cyclin A, and Cdc25B (Santa Cruz), Chk1, Cdh1 and
Plk1 (Abcam), PCNA (DAKO), pChk1 Ser30134 and Cyclin
B149 antibodies and detected by enhanced chemiluminescence
detection.

qPCR analysis- Total RNA from different treatments of
HeLa cells was obtained by using NucleoSpin RNAII isolation
kit (Macherey-Nagel). 1 mg of extracted RNA was used for
reverse cDNA synthesis using Superscript III First-Strand Syn-
thesis System for RT-PCR in the presence of both random
hexamers and Oligo dT20, as per manufacturer’s instruction
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(Life technologies). Quantification of mRNA levels of certain
genes was performed using QuantiFast Probe PCR Kits
(Qiagen) according to the manufacturer’s instruction. The
experiment was designed in triplicate for each sample and 2%
of synthesized cDNA was used as template for 10 ml reactions
in 384-wells plate on a ViiA 7 Real-Time PCR System
(Applied Biosystems, Life technologies). Taqman primers for
FZR1 (CDH1) (ID: Hs00393592_m1) and RPL13A
(Hs04194366_g1) were purchased from Applied Biosystems,
Life technologies. Relative expression of Cdh1 was determined
by DDCT method, where CT was when detected fluorescence
raised above the background fluorescence, with RPL13A as
internal controls. Final quantification of Cdh1 expression was
normalized to non-treated HeLa cell samples.
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