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In yeasts, the replication protein Cdc6/Cdc18 is
required for the initiation of DNA replication and also
for coupling S phase with the following mitosis. In
metazoans a role for Cdc6 has only been shown in
S phase entry. Here we provide evidence that human
Cdc6 (HuCdc6) also regulates the onset of mitosis, as
overexpression of HuCdc6 in G2 phase cells prevents
entry into mitosis. This block is abolished when
HuCdc6 is expressed together with a constitutively
active Cyclin B/CDK1 complex or with Cdc25B or
Cdc25C. An inhibitor of Chk1 kinase activity,
UCN-01, overcomes the HuCdc6 mediated G2 arrest
indicating that HuCdc6 blocks cells in G2 phase via a
checkpoint pathway involving Chk1. When HuCdc6 is
overexpressed in G2, we detected phosphorylation of
Chk1. Thus, HuCdc6 can trigger a checkpoint
response, which could ensure that all DNA is repli-
cated before mitotic entry. We also present evidence
that the ability of HuCdc6 to block mitosis may be
regulated by its phosphorylation.
Keywords: Cdc6/HuCdc6/cell cycle/checkpoint pathway/
G2 phase

Introduction

In all eukaryotic cells, DNA replication is a tightly
regulated process that is coordinated with other major cell
cycle events to ensure that it occurs once per cell cycle and
is completed before the genome is partitioned into two
daughter cells (Dif¯ey, 1996). Central to the regulation of
DNA replication are the pre-replicative complexes (pre-
RCs). The core of pre-RCs is the origin recognition
complex (ORC), which is composed of six polypeptides
®rst identi®ed in Saccharomyces cerevisiae, and later
found to be conserved in all eukaryotes (Bell and Stillman,
1992; Gavin et al., 1995; Quintana et al., 1997; Tugal et al.,
1998; Dhar and Dutta, 2000).

Cdc6 (Cdc18 in Schizosaccharomyces pombe) is a
protein that binds to ORC and is essential for the formation
and maintenance of pre-RCs in yeast (Cocker et al., 1996;
Tanaka et al., 1997). ORC and Cdc6 are required for the
loading of minichromosome maintenance (MCM) proteins

onto chromatin and they act together with Cdt1 (Maiorano
et al., 2000; Nishitani et al., 2000). Once the MCM
proteins are recruited to the pre-RCs, DNA is licensed for
replication, and S phase is initiated by cyclin-dependent
kinases (CDKs) and the Dbf4-dependent Cdc7 kinase,
which promote the loading of Cdc45, replication protein-A
(RPA) and DNA polymerase a onto chromatin (Jares and
Blow, 2000; Walter and Newport, 2000). After the
initiation of DNA replication, the pre-RCs are disassem-
bled and chromatin remains in a post-replicative state until
the passage through the next mitosis (Hendrickson et al.,
1996; Aparicio et al., 1997; Liang and Stillman, 1997).
The regulated assembly and disassembly of pre-RCs
ensure that DNA replication occurs only once per cell
cycle (Stillman, 1996; Dutta and Bell, 1997).

The regular alternation of S phase and mitosis in
eukaryotic cells is reinforced by cell cycle checkpoints (for
a review see Zhou and Elledge, 2000). The checkpoints are
activated following DNA damage or by incomplete DNA
replication, delaying progression of the cell cycle to
provide time to repair or complete the event. Therefore,
mitosis can only begin after completion of DNA replica-
tion. The checkpoints that ensure the dependence of
mitosis on completion of S phase are critical because of the
potential for genomic instability leading to tumour
formation should these controls be impaired.

The notion that cells cannot enter mitosis until DNA
synthesis is complete derives from two observations. First,
it was observed in a series of cell fusion experiments that
when a cell in S phase was fused with a cell in G2 phase,
the G2 nucleus delayed entry into mitosis until the second
nucleus had completed S phase (Rao and Johnson, 1970).
This indicated that cells in S phase contain a soluble
inhibitor of mitosis that can block a G2 nucleus from
entering mitosis. Secondly, treating cells with inhibitors of
DNA replication prevents mitosis in Xenopus extracts, in
yeast and in many mammalian cell lines (Schlegel and
Pardee, 1986; Dasso and Newport, 1990).

Mitosis begins with the activation of Cyclin B/CDK1 by
the Cdc25 phosphatases. If S phase is inhibited, Cyclin B/
CDK1 is kept inactive through a cascade of checkpoint
regulators, involving the Chk1 and Chk2, ataxia telan-
giectasia-mutated (ATM) and ataxia telangiectasia-mu-
tated and Rad-3 related (ATR) kinases (for a review see
Zhou and Elledge, 2000). However, less is known about
how a cell monitors whether S phase is complete.

In S.cerevisiae, Cdc6 is also involved in controlling
mitosis. Cdc6 acts as a suppressor of mitotic catastrophe
and its overexpression interferes with progression through
G2 causing a dramatic delay in entry into mitosis (Bueno
and Russell, 1992). High levels of Cdc18 in S.pombe also
cause a cell cycle delay and block the onset of mitosis
(Kelly et al., 1993; Nishitani and Nurse, 1995). The
Cdc18-mediated block to mitosis is dependent on the

Human replication protein Cdc6 prevents mitosis
through a checkpoint mechanism that implicates
Chk1
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inhibition of CDK activity and the integrity of checkpoint
pathways, showing that Cdc18 acts upstream of DNA
replication checkpoint genes belonging to the rad family
(Greenwood et al., 1998).

In yeast, Cdc6/Cdc18 is targeted for proteolysis at the
onset of S phase and degradation requires CDK-dependent
phosphorylation of Cdc6 and the Skp1-Cullin-F-box-
protein (SCF/CDC4) complex (Kelly et al., 1993; Baum
et al., 1998; Drury et al., 2000). In human cells,
phosphorylation of HuCdc6 by Cyclin A/CDK2 causes
export of HuCdc6 from the nuclei after initiation of DNA
replication (Jiang et al., 1999; Petersen et al., 1999) and
HuCdc6 remains mainly cytoplasmic until it is targeted for
proteolysis by the anaphase promoting complex/cyclo-
some (APC/CDH1) in early G1 (Petersen et al., 2000). We
reasoned that HuCdc6 might have an additional function
after S phase and it might be a good candidate for a
replication checkpoint mechanism. To investigate this
hypothesis, we have overexpressed HuCdc6 by micro-
injection into G2 phase HeLa cells and assayed the effect
on mitosis. We ®nd that HuCdc6 blocks entry into mitosis
indicating that it could monitor or signal ongoing DNA
replication through a checkpoint mechanism.

Results

Overexpression of HuCdc6 causes a G2 arrest in
HeLa cells
To look for an additional function of HuCdc6 beyond
initiation of DNA replication, we analysed the effect of
HuCdc6 overexpression in G2 phase cells. We micro-
injected an expression plasmid encoding HuCdc6 cDNA
and green ¯uorescent protein (GFP) as a fusion protein
(pEGFP-HuCdc6) into G2-synchronized HeLa cells. As a
control, we used a plasmid expressing GFP only (pEGFP)
and compared cells injected with pEGFP-HuCdc6, pEGFP
control and uninjected cells in each experiment.
HuCdc6±GFP and GFP became detectable by epi¯uores-
cence microscopy 1 h after plasmid injection, while the
majority of cells were still in G2 phase. At this point, the
cells were followed by time-lapse microscopy; DIC
(Differential Interference Contrast) and ¯uorescence
images were taken every 30 min over a 10 h period and
every 3 min once cells entered mitosis. The use of pEGFP
as a control in each experiment allowed us to estimate the
effect of injection alone on entry into and progress through
mitosis. Although 60±80% of uninjected cells entered
mitosis over the course of the experiment (data not
shown), we routinely observed that 35±55% of GFP
expressing cells entered mitosis (Figure 1A and C). The
slightly lower percentage was probably due to some
inevitable stress caused by the microinjection. In contrast,
we found that overexpression of HuCdc6 blocked cells in
G2 phase; <3% of these cells entered mitosis (Figure 1B
and D). Almost all the mitotic cells (rounded and arrowed
cells in Figure 1B) were uninjected, as shown by their lack
of ¯uorescence. This result was reproducible in several
independent experiments and was speci®c for HuCdc6 as
overexpression of HuMcm5, another replication protein,
had no effect on entry into mitosis (data not shown). To
ensure that the G2 phase arrest was not an artefact
introduced by the GFP tag, we overexpressed untagged
HuCdc6 in a similar set of experiments to those described

above. We were able to follow HuCdc6 injected cells by
co-injecting pEGFP as a marker. Overexpression of
untagged HuCdc6 also caused cells to arrest in G2 phase,
in a similar fashion to pEGFP-HuCdc6 (data not shown).

As a further control, we microinjected a GFP-tagged
version of the HuCdc6 protein puri®ed from baculovirus-
infected insect cells (Sf9) into G2 phase HeLa cells. The
recombinant HuCdc6 protein blocked the cells in G2 phase
(data not shown). These experiments demonstrate that
upregulation of HuCdc6 protein in G2 HeLa cells blocks
cell progression into mitosis.

Fig. 1. In vivo analysis of HuCdc6 overexpression in G2 cells.
(A) pEGFP and (B) pEGFP-HuCdc6 were microinjected into the
nucleus of G2 phase HeLa cells. The behaviour of injected cells was
observed by time-lapse ¯uorescence and DIC microscopy and images
were taken every 30 min, or every 3 min after entry into mitosis over a
10 h period. Approximately 100 ¯uorescent cells expressing GFP or
HuCdc6±GFP were classi®ed according to their cell cycle stage: G2

phase, mitosis and after completion of mitosis (early G1 phase) during
different time points starting from 1 h after microinjection. These
numbers were compared with the total number of cells expressing GFP
or HuCdc6±GFP (C and D). While 40±45% of cells expressing GFP
went through mitosis [arrows in (A) and (B) show mitotic cells], only
3±5% of cells expressing HuCdc6±GFP did so. Representative images,
mean values and standard deviations of ®ve independent experiments
are shown. (E) Comparison of expression of HuCdc6±GFP to endo-
genous HuCdc6 levels. A total of 1000 cells were injected with
pEGFP-HuCdc6 and after 2 h were directly lysed in SDS buffer,
proteins were separated on 10% SDS±PAGE and immunoblotted for
HuCdc6. (F) Anti human Cdc6 antibody neutralizes HuCdc6 over-
expression and abolishes the G2 phase arrest. G2 phase HeLa cells were
microinjected with HuCdc6±GFP and a speci®c anti HuCdc6 antibody.
As a control, cells were injected with the anti HuCdc6 antibody and
Texas Red dextran. The percentages of cells expressing pEGFP-
HuCdc6 in G2, M and G1 phases were calculated and compared with
the control cells 7 h after injection. Mean values and standard deviation
were calculated from at least three independent experiments.
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To quantify the amount of HuCdc6 in overexpression
experiments, we injected 1000 HeLa cells with pEFGP-
HuCdc6 and immunoblotted for HuCdc6 (Figure 1E).
After quanti®cation by NIH Image we found that
HuCdc6±GFP was expressed at ~4-fold over the endo-
genous HuCdc6 in G2 cells. Moreover, HuCdc6±GFP
levels were only ~1.5-fold over these of endogenous
HuCdc6 in cells blocked in S phase (data not shown).

Importantly, co-injecting an anti-HuCdc6 polyclonal
antibody with pEGFP-HuCdc6 abolished the G2 phase
block and cells entered mitosis in a similar fashion to
control cells injected with anti-HuCdc6 antibody alone
(Figure 1F). These data strengthen the conclusion that the
HuCdc6-mediated G2 arrest is due to HuCdc6 over-
expression. In addition, the localization of HuCdc6 (either
recombinant protein or expressed from a plasmid) was
mainly cytoplasmic, consistent with the localization of the
endogenous HuCdc6 protein in G2 phase (Fujita, 1999).
Importantly, we observed the same G2 arrest in untrans-
formed cell lines such as NIH 3T3 mouse ®broblasts and
Ptk1 kangaroo rat ®broblasts (data not shown).

We also investigated the possibility that HuCdc6
overexpression caused cells to re-replicate. Therefore we
stained G2 cells overexpressing HuCdc6 with bromo-
deoxyuridine (BrdU). However, we did not detect DNA
synthesis in these cells (data not shown). As it is dif®cult to
determine precisely when S phase is complete and G2

phase begins, we determined whether overexpressed
HuCdc6 disturbs DNA synthesis at late origins and stalls
the replication forks. Overexpression of HuCdc6 in late S
phase cells showed clear late patterns of BrdU incorpor-
ation, comparable with the pattern obtained from unin-
jected cells (data not shown).

Overexpressed HuCdc6 does not directly
inhibit MPF
To enter mitosis, eukaryotic cells need to activate M-phase
promoting factor (MPF), a heterodimeric complex con-
taining a B-type cyclin and its associated serine/threonine
kinase Cdc2 (CDK1 in mammalian cells; Nurse, 1990).
MPF is kept inactive until the time of entry into mitosis
through phosphorylation on CDK1 by the kinases Wee1
and Myt1 (Morgan, 1995). These kinases phosphorylate
CDK1 at two sites, threonine residue 14 (T14) and tyrosine
residue 15 (Y15) (Norbury et al., 1991; Kornbluth et al.,
1994; Mueller et al., 1995). To initiate mitosis, the
inhibitory phosphate groups are removed from CDK1 by
the phosphatase Cdc25 and this activates MPF (Dunphy
and Kumagai, 1991; Gautier et al., 1991; Millar et al.,
1991). Previous work had shown that when ®ssion yeast
Cdc18 was expressed at high levels, it blocked the onset of
mitosis by binding to Cdc2 and inhibiting its kinase
activity (Brown et al., 1997; Greenwood et al., 1998;
Lopez-Girona et al., 1998). Similarly, in budding yeast it
had been shown that Cdc6 inhibited Cdc28 (CDK1) in
mitosis leading to a mitotic arrest (Calzada et al., 2001;
Weinreich et al., 2001). To determine whether this was
also true for HuCdc6, we co-injected pEGFP-HuCdc6 in
G2 HeLa cells with either a complex of Cyclin B1 and
wild-type CDK1 (pCyclin B with pCDK1wt) or a
constitutively active complex where the CDK1 subunit
carries the mutations T14A and Y15F (CDK1AF; Hagting
et al., 1998). The Cyclin B/CDK1AF complex cannot be

kept inactive by the negative regulatory kinases Wee1 or
Myt1 (Morgan, 1995) and does not require activation by
Cdc25 (Hagting et al., 1998). We found that 40% of the
cells expressing HuCdc6 and Cyclin B1/CDK1AF entered
mitosis (Figure 2A and C). In agreement with a previous
report (Hagting et al., 1998), we also observed that most of
the cells expressing Cyclin B1/CDK1AF underwent
premature mitosis (independently of HuCdc6 overexpres-
sion). This resulted in cells accumulating in mitosis and
never re-entering the G1 phase (Figure 2C). In contrast, the
majority of cells overexpressing HuCdc6 and wild-type
Cyclin B1/CDK1 were still blocked in G2 (Figure 2B and
C). These results demonstrate that HuCdc6 does not
prevent mitosis simply by binding and inhibiting
Cyclin B1/CDK1, indicating that HuCdc6 blocks upstream
of MPF activity, possibly acting on Cdc25. There are three
different Cdc25 genes in human cells; Cdc25A, Cdc25B
and Cdc25C (Galaktionov and Beach, 1991; Nagata et al.,

Fig. 2. Constitutively active MPF abolishes the G2 phase arrest caused
by HuCdc6 overexpression. G2 phase HeLa cells were microinjected
with (A) pEGFP-HuCdc6, pCyclin B1 and a constitutively active
pCDK1AF or (B) with pEGFP-HuCdc6, pCyclin B1 and pCDK1wt.
As controls we co-injected pCyclin B1 and pCDK1AF or pCyclin B1
and pCDK1wt were injected without HuCdc6 as a control (C).
Approximately 100 ¯uorescent cells were counted for each sample.
Fluorescence and DIC images were taken 7 h after injection. Arrows
show mitotic cells. (C) The numbers of cells in G2 phase, mitosis and
in early G1 phase were scored and calculated as a percentage of the
total of injected cells. At least three independent experiments were
performed and representative images are shown.
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1991). To test the possibility that HuCdc6 functions at the
level of Cdc25, we co-injected pEGFP-HuCdc6 together
with pCdc25B or pEGFP-Cdc25C in G2 HeLa cells.
Figure 3A and C shows that overexpression of Cdc25B
together with HuCdc6 overcomes the G2 arrest and cells
enter mitosis in exactly the same way as with Cdc25B
alone (Figure 3E). High levels of Cdc25B caused the cells
to round up and break down their nuclear envelope
prematurely and these cells arrested in mitosis with
abnormally condensed chromosomes, as previously de-
scribed (Karlsson et al., 1999). Control uninjected cells, or
cells expressing only Cdc25C started to enter mitosis 2 h
after injection (Figure 3F), while the cells expressing
HuCdc6 and Cdc25C (Figure 3B and D) entered mitosis 6 h
after injection, i.e. with a 4 h delay. Thus, the HuCdc6-
mediated G2 arrest could be overcome by overexpressing
either Cdc25B or Cdc25C.

Abrogation of Chk1 activity by UCN-01 relieves
Cdc6-mediated G2 arrest
The experiments described above showed that overexpres-
sion of HuCdc6 arrested cells in G2 phase, which was
reminiscent of a cell cycle arrest due to DNA damage or

incomplete DNA replication. Therefore, we investigated
whether proteins of the replication checkpoint pathway
might be involved in the Cdc6-mediated G2 arrest.

A hallmark of checkpoint activation in the presence of
incomplete DNA replication is the activation of the protein
kinase Chk1, which in turn phosphorylates Cdc25 on
serine residue 216 creating a binding site for a 14-3-3
protein (Furnari et al., 1997; Peng et al., 1997; Sanchez
et al., 1997; Zeng et al., 1998). Once the 14-3-3 protein has
bound, Cdc25 activity is downregulated (Peng et al.,
1997). To determine whether the HuCdc6-mediated block
involved Chk1, we took advantage of the ability to inhibit
Chk1 kinase activity using the inhibitor UCN-01. It had
been reported that UCN-01 potently inhibited the kinase
activity of Chk1, but not that of Chk2 or other kinases
involved in checkpoint responses, such as ATM or ATR
proteins (Graves et al., 2000).

We microinjected pEGFP-HuCdc6 in G2 HeLa cells,
added 300 nM UCN-01 to the medium after microinjection
and assayed the number of HuCdc6±GFP-expressing cells
that entered mitosis over the next 10 h. We found that
~21% of HuCdc6±GFP-expressing cells entered and
progressed through mitosis in the presence of UCN-01
(Figure 4A and B), which was comparable to the 24% of
GFP-expressing cells that entered mitosis (Figure 4B).
This indicated that Chk1 was activated when HuCdc6 was
overexpressed in G2 cells. To con®rm this, we injected
1000 cells with pEGFP-HuCdc6 or pEGFP, lysed the cells
in SDS buffer, separated the proteins by 10% SDS±PAGE
and immunoblotted for Chk1. The same was done for 1000
cells treated with hydroxyurea (HU) or 1000 untreated
cells (Figure 4C). No mobility shift was observed in
uninjected and untreated control cells (Figure 4C lanes 2, 4
and 6). As demonstrated previously, Chk1 migrated with
reduced mobility on SDS±PAGE after HU treatment
(Figure 4C, lane 1), implicating phosphorylation of Chk1
(Feijoo et al., 2001). Importantly, in cells expressing
HuCdc6±GFP (Figure 4C, lane 5) Chk1 showed a mobility
shift comparable to that of HU-treated cells, whereas there
was no change in the mobility of Chk1 in cells expressing
GFP alone (Figure 4C, lane 3). These data demonstrated
that overexpression of HuCdc6 in G2 HeLa cells led to
phosphorylation of Chk1. HuCdc6 might have acted by
binding and activating Chk1. To test this, we assayed for
an interaction between HuCdc6 and Chk1 by immuno-
precipitation. Extracts from G2 HeLa cells, untreated or
treated with HU were immunoprecipitated and immuno-
blotted with anti-Chk1 or anti-HuCdc6 antibodies. Under
none of the experimental conditions tested could we detect
co-precipitation of the two proteins, whereas in our control
experiments we found that Cyclin A co-precipitated with
HuCdc6 (data not shown), in agreement with published
results (Petersen et al., 1999). However, it was possible
that the interaction between Chk1 and HuCdc6 is transient
or does not survive our experimental conditions.

We also investigated whether the two kinases upstream
of Chk1, namely ATM and ATR could have been involved
in the HuCdc6-mediated G2 arrest. The ATM protein
kinase is a key component of the DNA damage checkpoint
(Savitsky et al., 1995) and ATR is involved in the DNA
replication checkpoint that is activated by unreplicated
DNA (Cimprich et al., 1996; Gatei et al., 2000; Zhao and
Piwnica-Worms, 2001). ATM and ATR can phosphorylate

Fig. 3. Overexpression of Cdc25 abolishes the G2 phase arrest caused
by HuCdc6±GFP. G2 phase cells were microinjected with pCdc25B and
pEGFP-HuCdc6 (A) or with pEGFP-Cdc25C and pHuCdc6 (B).
Arrows in (A) and (B) show mitotic cells. Cells were followed by
time-lapse ¯uorescence and DIC microscopy as described in Figure 1,
starting from 2 h after microinjection during a 7 h time course. Sixty
per cent of cells entered mitosis prematurely and arrested in mitosis
whether they expressed HuCdc6±GFP and Cdc25B (C) or Cdc25B
alone (E). (D) Forty ®ve per cent of cells expressing Cdc25C and
HuCdc6±GFP entered and progressed through mitosis, but often with a
4 h delay compared with the 2 h delay of the control cells expressing
Cdc25C only (F).
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Chk1 and Chk2, respectively, to cause cell cycle arrest.
We microinjected pEGFP-HuCdc6 in G2 HeLa cells and
added either 5 mM caffeine or 25 mM wortmannin to the
medium. Caffeine inhibits both ATM (Blasina et al., 1999;
Zhou et al., 2000) and ATR function (Hall-Jackson et al.,
1999), and wortmannin is believed preferentially to inhibit
ATM and DNA-PK at micromolar quantities (Izzard et al.,
1999). To our surprise, neither caffeine nor wortmannin,
alone or in combination (data not shown) were able to
abolish the G2-phase block caused by overexpressing
HuCdc6 (Figure 4D). In contrast, caffeine was able to
overcome a G2 arrest induced by g-irradiation (100 kVp/
min, Figure 4D). The HuCdc6-mediated block was
maintained even when the drugs were added fresh to the
medium twice during the experiment: before, during or
straight after microinjection. Furthermore, HuCdc6 and
ATR did not co-immunoprecipitate (data not shown) and
ATM-de®cient human ®broblasts were not able to enter
mitosis in the presence of overexpressed HuCdc6 (data not
shown).

Selected nonphosphorylatable mutants of HuCdc6
do not arrest HeLa cells in G2 phase
We considered the possibility that HuCdc6 might have to
be modi®ed to arrest cells in G2 phase. Although HuCdc6
was known to be phosphorylated in S phase, this was not
required for the initiation of DNA replication (Petersen
et al., 1999; Pelizon et al., 2000; Coverley et al., 2002).
Therefore, we mutated the three CDK phosphorylation
sites of HuCdc6 (serine 54, 74 and 106) to alanine. We also
deleted the cyclin-binding-motif, amino acid 93±100,
(Dcy-motif) as shown in Figure 5A. These mutants were
injected into G2 HeLa cells as in previous experiments.
HuCdc6 mutants S74A and Dcy-motif were not able to
arrest cells in G2, whereas S54A and S106A both arrested
cells in G2 in a similar fashion to wild-type HuCdc6
(Figure 5B). Figure 5C shows that S54A was both nuclear
and cytoplasmic, S74A was completely nuclear and

S106A was mainly cytoplasmic, comparable to wild-type
HuCdc6 (Figure 1C). The Dcy-motif mutant was also
mainly nuclear (Figure 5C). Although there was a
correlation between HuCdc6 localization and its ability
to arrest cells in G2, we do not believe that the localization
of HuCdc6 was important because HuCdc6 bound to a
functional nuclear localization signal (NLS) was consti-
tutively nuclear but still arrested cells in G2 (data not
shown). Instead it appeared more likely that the phos-
phorylation of HuCdc6 at speci®c sites was important for
its function in preventing mitosis.

Discussion

In this work we present evidence that HuCdc6 has a
function in coupling S phase with the following mitosis in

Fig. 4. An inhibitor of Chk1 kinase activity, UCN-01, abolishes
HuCdc6-mediated G2 arrest. (A) G2 phase HeLa cells were micro-
injected with pEGFP-HuCdc6 or pEGFP as a control (not shown).
UCN-01 (300 nM) was added to the medium immediately after the
injections. Fluorescence and DIC images were taken during a 10 h
period. G2 phase and mitotic cells (marked with an arrow) were
counted from a total of ~100 ¯uorescent cells over a 10 h period.
(B) Percentage of cells progressing through mitosis expressing HuCdc6
or GFP. Twenty-one percent of cells expressing HuCdc6±GFP entered
and progressed through mitosis comparable with the 24% of GFP
expressing cells. Two experiments were performed and representative
images are shown. (C) HuCdc6-mediated phosphorylation of Chk1.
One thousand cells were injected with pEGFPHuCdc6 or pEGFP, unin-
jected but untreated or treated with HU (control cells). Proteins were
separated on SDS±PAGE and immunoblotted for Chk1. Lane 1 shows
a mobility shift due to phosphorylation after HU treatment, whereas
control cells do not (lanes 2, 4 and 6). HuCdc6 shows a similar mobil-
ity shift as HU-treated cells (lane 1), whereas GFP alone does not (lane
3). (D) The HuCdc6-mediated G2 phase arrest is maintained in the
presence of caffeine and/or wortmannin. Cells were microinjected with
pEGFP-HuCdc6 in the presence or absence of 5 mM caffeine and/or
25 mM wortmannin. As a control, cells were g-irradiated (100 kVp/min)
for 15 min and caffeine and/or wortmannin were added. Cells were
followed for 10 h counting cells entering and progressing through
mitosis as one (%M + G1). Uninjected cells and irradiated cells entered
into mitosis prematurely in the presence of caffeine and/or wortmannin.
The cells expressing HuCdc6 remained arrested in G2 phase in the
presence of caffeine and/or wortmannin.
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human cells. We found that overexpression of HuCdc6 in
G2 phase HeLa cells is suf®cient to arrest the cells in G2.
(i) Microinjection of pEGFP-HuCdc6, untagged pHuCdc6
or recombinant HuCdc6±GFP protein causes the cells to
arrest in G2, whereas microinjection of pEGFP does not.
Thus, neither the GFP tag, nor injection of plasmid DNA
per se is responsible for the G2 arrest. (ii) Co-injection of a
speci®c anti-human Cdc6 antibody with pEGFP-HuCdc6
overcomes the G2 phase block. (iii) The G2 arrest is
speci®c for HuCdc6 and not for Mcm5 (data not shown).
(iv) A speci®c point mutation of HuCdc6 abolishes its
ability to arrest cells in G2 phase.

A previous study in HeLa cells failed to show a
perturbation in cell cycle progression by FACS analysis
after the transfection of HuCdc6 into asynchronous cells
(Petersen et al., 2000). Although the reason for this
discrepancy is not clear, we believe that it may be due to
the use of different experimental approaches. For example
after transfection, proliferating asynchronous cells may be
able to modify exogenous HuCdc6 before they reach G2 in

a way that mimics the fate of the endogenous protein
making it unlikely to trigger a checkpoint response.

Previous work has shown that Cdc6/Cdc18 overexpres-
sion in yeast leads to a mitotic block in part by binding and
inhibiting Cdc28 or Cdc2 (homologues of CDK1) or by
inducing a checkpoint response (Bueno and Russell, 1992;
Kelly et al., 1993; Nishitani and Nurse, 1995; Baum et al.,
1998; Greenwood et al., 1998; Calzada et al., 2001;
Weinreich et al., 2001). Our experiments suggest that
HuCdc6 does not directly inhibit Cyclin B/CDK1. When
HuCdc6 is co-expressed with Cyclin B and a constitutively
active form of CDK1 (CDK1AF) the cells enter mitosis in
similar numbers to cells co-expressing Cyclin B/CDK1AF
without HuCdc6±GFP. In contrast, cells co-expressing
HuCdc6±GFP with wild-type Cyclin B/CDK1 remain
arrested in G2. Thus, in agreement with previous ®ndings
showing that HuCdc6 is not associated with Cyclin B/
CDK1 complexes in vitro (Petersen et al., 1999), our data
indicate that HuCdc6 does not directly inhibit MPF in vivo.
Furthermore, overexpression of either Cdc25B or Cdc25C
can overcome the G2 arrest caused by HuCdc6. The
noticeable delay in time of entry into mitosis in cells co-
expressing Cdc25C and HuCdc6 (4 h later than those co-
expressing Cdc25B and HuCdc6) is probably due to an
initial G2-phase cell arrest due to HuCdc6. This can be
explained by the fact that Cdc25C needs to be phos-
phorylated to be activated, whereas Cdc25B is constitu-
tively active (Lammer et al., 1998; Karlsson et al., 1999).
These results strengthen our data indicating that HuCdc6
does not directly inhibit MPF, but is more likely to act
upstream of MPF.

An important ®nding is that Chk1 seems to be activated
and phosphorylated when HuCdc6 is overexpressed in G2

phase, as seen by a mobility shift of Chk1 on western blots
(Figure 4C). This corroborates the observation that
UCN-01 abolishes the G2 arrest induced by HuCdc6.
Although we could not see a direct interaction between
Chk1 and HuCdc6 by immunoprecipitation, it is important
to keep in mind that a direct interaction might not be
necessary to trigger a checkpoint response. In addition, we
could not demonstrate a link between HuCdc6 over-
expression and the activation of Chk1 by ATM or ATR.
Neither caffeine nor wortmannin abolished the G2 arrest
when HuCdc6 is overexpressed whereas they did abolish a
G2 arrest induced by g-irradiation. This is slightly
puzzling, since until now DNA checkpoint responses
have been believed to be either ATM- or ATR-mediated.
In addition we could not ®nd a direct interaction between
HuCdc6 and ATR by immunoprecipitation, but at this
stage we cannot rule out an involvement of ATM and ATR
in the HuCdc6 mediated arrest.

We also found that the ability of HuCdc6 to inhibit cells
in G2 may be modulated by its phosphorylation. It has
previously been shown that phosphorylation of HuCdc6 is
not required for its function in the initiation of DNA
replication, because non-phosphorylatable mutants of
HuCdc6 are able to support DNA replication (Petersen
et al., 1999; Pelizon et al., 2000). This raises the intriguing
possibility that phosphorylated HuCdc6 is involved in the
checkpoint function that prevents the cells from undergo-
ing premature mitosis. We microinjected different phos-
phorylation site HuCdc6 mutants into G2-phase HeLa cells
and found that mutation of serine 74 to alanine (S74A)

Fig. 5. Behaviour of HuCdc6 mutants in G2 cells. (A) Schematic
drawing of HuCdc6 depicting features such as the CDK phosphoryl-
ation sites serines (S) 54, 74 and 106, destruction box, KEN box, the
cyclin-binding-motif, the ATPase/ORC homology domain and leucine-
zipper, all previously identi®ed. (B) The pEGFP-HuCdc6 mutants
S54A, S74A, S106A and Dcy-motif were injected into G2 HeLa cells
and their progression into mitosis compared with GFP or
wtHuCdc6±GFP-expressing cells. Cells expressing the mutants S75A
and Dcy-motif cannot arrest cells in G2, whereas cells expressing S54A
and S106A do arrest cells in G2 in the same fashion to wtHuCdc6.
(C) Illustration of the localization of the mutants. Two independent
experiments were performed and representative images are shown.
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cannot arrest cells in G2, whereas S54A and S106A
mutants can. In addition, a cyclin-binding-motif deletion
mutant (Dcy-motif) is also unable to arrest cells in G2,
suggesting that phosphorylation of speci®c residues, such
as S74 by cyclin/CDKs may be necessary for the
checkpoint function of HuCdc6. In S.cerevisiae it has
been shown that Cdc6 binding to cyclin is important for
cells to exit mitosis and that a cyclin-binding motif
deletion mutant arrests cells in late mitosis (Calzada et al.,
2001; Weinreich et al., 2001). However, by following our
Dcy-motif mutant through mitosis by live-imaging, we did
not observe a delay in exit from mitosis.

Greenwood et al. (1998) showed that the Cdc18-
mediated block in S.pombe is caused by the N-terminal
region of the protein binding to CDK1 and also through the
C-terminus operating via the DNA replication checkpoint
control genes rad1, rad3, rad9, rad17, hus1 and cut5.
Thus, in agreement with results from studies using yeasts
(Kelly et al., 1993; Nishitani and Nurse, 1995; Baum et al.,
1998; Greenwood et al., 1998), we believe that Cdc6 has a
second function in human cells. Besides its role in the
assembly of pre-RC during G1 phase, HuCdc6 may
regulate the onset of mitosis through a checkpoint
pathway. We propose that the level and/or modi®cation
of HuCdc6 protein in G2 phase might function as a signal
monitoring ongoing DNA replication. Our results might
also underlie some of the observations of Rao and Johnson
(1970). In their cell fusion experiments, they showed that a
G2 nucleus does not enter mitosis until the S phase nucleus
has completed DNA replication, indicating that there are
soluble inhibitors produced during S phase that are able to
regulate mitosis. According to our model (Figure 6),
during an unperturbed cell cycle, HuCdc6 monitors
ongoing DNA replication. Once DNA replication is
completed, HuCdc6 may be phosphorylated at speci®c
sites to inactivate its ability to block mitosis. A small
population of Chk1 might also be activated in late S phase,
ensuring that late origins can ®re without cells committing
to mitosis. However, if Cdc6 is not inactivated (e.g.
because HuCdc6 is overexpressed in G2 cells as in our
experiments) HuCdc6 inhibitory function would impose a
block to mitosis. In this case, Chk1 would be activated
rapidly to ensure that cells do not enter mitosis, perhaps by
being more sensitive to HuCdc6 in G2 than in S phase. In
agreement with this hypothesis, we ®nd that micro-
injection of recombinant protein into S phase cells does
not arrest cells before mitosis, whereas the same amount of
HuCdc6 protein injected into G2 cells abrogates mitotic
entry (data not shown). The exact nature of the modi®ca-
tions that inactivate HuCdc6 is still unclear but in the light
of the results presented in Figure 5, we propose that
phosphorylation of speci®c residues in Hucdc6 is likely to
play an important regulatory role.

In summary, our ®ndings provide evidence that HuCdc6
may have two functions during each cell cycle. The ®rst,
well established function of HuCdc6 is in the assembly of
the pre-RCs. At this point of the cell cycle HuCdc6 is
unphosphorylated, localized in the nucleus and bound to
chromatin. The second function of HuCdc6 after phos-
phorylation and export to the cytoplasm is the checkpoint-
mediated coordination of S phase and mitosis. Our results
indicate that a phosphorylated form of HuCdc6 might be
responsible for this second function and might work as a

soluble inhibitor of mitosis, providing a mechanism for
coupling S phase with the following mitosis.

Materials and methods

Cell culture and synchronization
HeLa cells were cultured in Dulbecco's modi®ed Eagle's medium
(Gibco) with 5% new born calf serum (Gibco) and 5% fetal calf serum
(Gibco) at 37°C and 10% CO2. The cells were synchronized in G2 phase
using a thymidine±aphidicolin regime using a well established protocol as
described previously (Pines and Hunter, 1989).

UCN-01 was a gift from Dr Carl Smythe (University of Shef®eld) and
used at a ®nal concentration of 300 nM. Caffeine (Sigma) was used at a
®nal concentration of 5 mM and wortmannin (Alexis) was used at 25 mM.

Plasmid constructs and protein expression and puri®cation
HuCdc6 PCR product nt 129±1853 inserted into a XhoI±HindIII pEGFP
C2 was a gift from Dr Yoshinori Takei (Takei et al., 1999) and PCR
product 210±1890 inserted into a KpnI±BamH1 pEGFP C2 produced
identical data and therefore we refer in this study only to HuCdc6-pEGFP.
Plasmid pHuCdc6 was a gift from Dr Magdalena Assenberg (Nuf®eld
Department of Clinical Medicine, University of Oxford). Plasmids
pEGFP-Cdc25C, pCdc25B, pCyclin B1, pCDK1 and pCDK1AF have
been described previously (Hagting et al., 1998; Karlsson et al., 1999).
Mutations on S54, S74 and S106 of HuCdc6, and deletion of cyclin-box
93±100 were carried out in the same way as described (Petersen et al.,
1999) and were introduced into a KpnI±BamHI C2 pEGFP vector. All
plasmids used in this study expressed proteins under the control of a
cytomegalovirus (CMV) promoter. Plasmids were used at 100 ng/ml.

His6-tagged HuCdc6±GFP protein was expressed in baculovirus-
infected Sf9 cells and puri®ed on a Ni-agarose column as described
previously (Coverley et al., 2000). Protein was used at 200 ng/ml.

Antibody production and puri®cation
The anti-human Cdc6 rabbit polyclonal antibody was produced using a
central fragment of HuCdc6 (residues 110±350) as antigen. The rabbit
serum was puri®ed according to Harlow and Lane (1988).

Immunoblotting
An estimated number of cells were plated onto a dish (Biotechs, PA). This
gave us the total of 1000 cells per dish after synchronization. All of these
G2 phase cells were microinjected. Cells were then directly lysed in 23

Fig. 6. Model for potential checkpoint function of HuCdc6. Ongoing
DNA replication is monitored either by proteins at the replication fork,
including ATR, or by soluble factors, including HuCdc6. ATR and
HuCdc6 might work in parallel pathways, both leading to the activation
of Chk1 and consequent inactivation of Cdc25. The major role of the
ATR pathway would be in response to stalled replication forks. Chk1
may also increase the activity of Wee1 that further prevents the
activation of MPF.
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SDS buffer, subjected to 10% SDS±PAGE, transferred to nitrocellulose
and detected with primary antibody against HuCdc6 (Santa-Cruz,
catalogue number sc-9964) or Chk1 (Upstate, catalogue number
06-965) using HRP-conjugated anti-mouse and anti-sheep antibodies,
respectively and enhanced chemiluminescence (ECL; Amersham).

Time-lapse ¯uorescence imaging
For microinjection, cells were plated on a dish (Bioptechs, PA), incubated
in a CO2-independent medium without phenol red (Gibco) and overlaid
with mineral oil (Sigma) to prevent evaporation. Injected cells were
identi®ed by GFP or Texas Red dextran (Cambridge Bioscience) and
analysed by time-lapse DIC-¯uorescence microscopy as described
previously (Clute and Pines, 1999; Furuno et al., 1999). For comparative
analyses the parameters were kept the same: ¯uorescence exposure time
of 200 ms, 403 oil objective with a numerical aperture of 1.0 and an
image bin size of 3. Images were saved and converted into PICT format
using IP lab Spectrum Software (Scanalytics Inc., VA) and exported into
Adobe PhotoShop for printing.

Quantitative analysis of cells
All cells positive for GFP or Texas Red were counted as the total number
of cells. Cells in G2 phase, in mitosis and cells that had progressed
through mitosis (early G1) were counted separately during the course of
the experiment. Their percentage was calculated from the total and
compared. Cells were monitored and counted for up to 10 h after
expression of the protein. In some experiments, we did not assay for cells
in early G1, because we tried to keep the radiation with UV (necessary to
detect GFP ¯uorescence) as low as possible. In all experiments we
followed the cells through mitosis and after cytokinesis and counted the
two daughter G1 phase cells as one pair and not separately. When using
untagged plasmids, either pEGFP or Texas Red was added as a detection
marker. Antibodies were co-injected with Texas Red as a marker.
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