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Plx1 is required for chromosomal DNA replication
under stressful conditions
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Polo-like kinase (Plk)1 is required for mitosis progression.

However, although Plk1 is expressed throughout the cell

cycle, its function during S-phase is unknown. Using

Xenopus laevis egg extracts, we demonstrate that Plx1,

the Xenopus orthologue of Plk1, is required for DNA

replication in the presence of stalled replication forks

induced by aphidicolin, etoposide or reduced levels of

DNA-bound Mcm complexes. Plx1 binds to chromatin

and suppresses the ATM/ATR-dependent intra-S-phase

checkpoint that inhibits origin firing. This allows Cdc45

loading and derepression of DNA replication initiation.

Checkpoint activation increases Plx1 binding to the Mcm

complex through its Polo box domain. Plx1 recruitment to

chromatin is independent of checkpoint mediators Tipin

and Claspin. Instead, ATR-dependent phosphorylation of

serine 92 of Mcm2 is required for the recruitment of Plx1

to chromatin and for the recovery of DNA replication

under stress. Depletion of Plx1 leads to accumulation of

chromosomal breakage that is prevented by the addition of

recombinant Plx1. These data suggest that Plx1 promotes

genome stability by regulating DNA replication under

stressful conditions.
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Introduction

Polo-like kinase (Plk)1 is essential for cell cycle progression

(Golsteyn et al, 1995). A role for Plk1 during mitosis has been

established by many studies showing that the absence of Plk1

impairs mitotic progression (Golsteyn et al, 1996). From

these studies, unchallenged chromosomal DNA replication

does not appear to be affected by the absence of Plk1. Plx1,

the Xenopus orthologue of Plk1 (Kumagai and Dunphy, 1996;

Liu and Maller, 2005), has been shown to regulate the

adaptation to the ATR- and Chk1-dependent checkpoint that

inhibits mitosis onset in the presence of DNA damage and

unreplicated DNA (Yoo et al, 2004a). Following a prolonged

ATR activation, Plx1-mediated phosphorylation of Claspin

induces attenuation of ATR- and Chk1-dependent signalling

allowing mitosis onset (Yoo et al, 2004a). Owing to its role in

controlling the DNA damage response, Plx1 might have a role

in DNA replication under stressful conditions.

In eukaryotes, DNA replication is achieved through the

coordinated activation of multiple replication origins distribu-

ted throughout the DNA. The origin recognition complex

1–6 is bound to DNA and promotes the assembly of the

mini-chromosome maintenance (Mcm)2–7 protein complex

onto the DNA to form the pre-replicative complex (pre-RC) in

cooperation with Cdc6 and Cdt1. Replication initiation requires

Cdk2- and Cdc7-mediated activation of the pre-RC to unwind

the DNA and to start DNA polymerization (Diffley, 1994).

The timing of replication origin firing and the activation of

Mcm2–7 complexes at replication origins are regulated by a

caffeine-sensitive, ATM- and ATR-dependent checkpoint

(Shechter et al, 2004a). This checkpoint modulates Cdk2

and Cdc7 kinase activities regulating replication initiation

during unperturbed cell cycle and halting DNA replication

in the presence of DNA damage or stalled replication forks

(Shechter et al, 2004a). Mcm2–7 complexes are bound to

DNA in excess and some of these complexes remain inactive

(Edwards et al, 2002). An important mechanism to ensure

genome stability during DNA replication under stressful

conditions relies on the activation of dormant Mcm2–7 com-

plexes bound to chromatin whose reduction was shown to

decrease replication efficiency in the presence of DNA da-

mage or replication inhibitors (Woodward et al, 2006; Ge

et al, 2007). However, the caffeine-sensitive checkpoint acti-

vated by replication stress strongly suppresses origin firing

and Mcm2–7 activation (Marheineke and Hyrien, 2004;

Shechter et al, 2004a; Woodward et al, 2006). Therefore,

cells must circumvent this checkpoint to ensure efficient

and full chromosomal replication under stressful conditions.

As Plx1 suppresses the checkpoint at mitosis onset, it could

also regulate the checkpoint that prevents the firing of

dormant origins. Intriguingly, members of the Mcm complex

are also phosphorylated by ATM/ATR, suggesting a direct

coordination of their activity in the presence of DNA lesions

activating the checkpoint (Cortez et al, 2004; Yoo et al,

2004b). Here, we have investigated the role of Plx1 in

chromosomal DNA replication under stress in Xenopus laevis

egg extracts. We show that Plx1 is required for DNA replica-

tion in the presence of stalled replication forks. Plx1 binds to

chromatin interacting with the Mcm complex through its polo

box domain and its binding is increased in the presence of

stalled replication forks. Plx1 bound to the Mcm complex
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on chromatin promotes DNA replication under stress by

suppressing the intra-S-phase checkpoint. This is

achieved through regulation of Chk1 phosphorylation. Plx1-

mediated downregulation of the checkpoint requires ATM/

ATR-mediated phosphorylation of serine 92 of Mcm2.

Importantly, the absence of Plx1 leads to accumulation of

chromosomal breakage during DNA replication, suggesting

that Plx1 function is critical for preventing gross chromoso-

mal abnormalities.

Results

Effects of Plx1 depletion on DNA replication

To test whether Plx1 is required for DNA replication, we

raised antibodies against recombinant Plx1. Using these

antibodies, we were able to deplete Plx1 from egg extracts

(Figure 1A). Normal levels of Plx1 were reconstituted by

supplementing egg extracts with active recombinant Plx1

(Figure 1A and Supplementary Figure 1). Genomic DNA

replication was monitored in Plx1-depleted extracts and in

Plx1-depleted extracts supplemented with recombinant Plx1

in the presence of sperm nuclei and [a-32P]dATP. After

120 min, DNA was extracted and separated on an agarose

gel (Figure 1B). In interphase egg extracts, Plx1 depletion did

not affect DNA replication (Figure 1B). To rule out additional

effects of Plx1 on basic replication processes, we monitored

nuclear formation and DNA elongation in the absence of

Plx1. Plx1 depletion did not affect nuclear formation

(Supplementary Figure 2). In addition, replication of single-

stranded DNA of M13 phage was normal in Plx1-depleted

extracts, indicating that DNA elongation was not affected by

Plx1 deficiency (Supplementary Figure 3). To exclude the

possibility that Plx1 was impairing the kinetics of DNA

replication, we performed a pulse-labelling experiment

monitoring DNA replication progression. In these experi-

ments, we showed that even in the absence of Plx1, DNA

replication was initiated and terminated with similar kinetics

compared to the mock-depleted extract (Supplementary

Figure 4).

Supplementary origins and low inter-origin distance

ensure faster and more efficient replication in embryonic

systems, facilitating the bypass of eventual obstacles to

replication progression (Woodward et al, 2006). To verify

whether Plx1 is required for DNA replication in more stress-

ful conditions, we studied the role of Plx1 in DNA replication

in the presence of a limited number of replication origins and

increased inter-origin distance. To reduce the number of

replication origins, we used geminin, an inhibitor of chromo-

somal DNA replication known to prevent the loading of Mcm

complexes onto DNA (McGarry and Kirschner, 1998). The

increased inter-origin distance was ensured by the use of a

high number of nuclei (Walter and Newport, 1997). The level

of Mcm complexes loaded onto DNA was reduced by geminin

(Figure 1C). As reported by Blow and co-workers (Woodward

et al, 2006), DNA replication levels were unaffected in the

presence of reduced numbers of DNA-bound Mcm complexes

unless very high doses of geminin were used (Figure 1D). In

extracts supplemented with a high number of nuclei and

geminin, the checkpoint protein Chk1 was phosphorylated

(Figure 1E). This was likely due to the presence of replication

stress induced by spontaneous stalled or damaged replication

forks activating the ATM/ATR-dependent checkpoint.

However, although sufficiently high to be detected, the levels

of Chk1 phosphorylation were not sufficient to inhibit DNA

replication (Figure 1F). Instead, in these conditions, Plx1

depletion abolished DNA replication (Figure 1F). In the

absence of geminin, Plx1 deficiency did not affect replication

of a high number of nuclei (Supplementary Figure 4). DNA

replication in Plx1-depleted extracts could be fully restored

when supplemented with recombinant Plx1 (Figure 1F). The
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Figure 1 Effects of Plx1 depletion on DNA replication. (A) Immunodepletion of Plx1. Western blot analysis with anti-Plx1 antibodies of control
(C) mock-depleted (M), Plx1-depleted (DPlx1) and Plx1-depleted extracts reconstituted with 6 ng/ml recombinant Plx1 (þPlx1). (B)
Replication assay in unchallenged extracts. Extracts supplemented with 2000 nuclei/ml were untreated (CTRL), mock depleted (Mock), Plx1
depleted (DPlx1) and Plx1 depleted and supplemented with recombinant Plx1 (þPlx1). DNA was replicated in the presence of [a-32P]dATP for
120 min, extracted and separated on an agarose gel. The gel shown represents a typical result. (C) Chromatin binding of Mcm7. Sperm nuclei
were replicated in untreated extracts (CTRL) and extracts supplemented with a low concentration (40 nM) of geminin (GEM). Chromatin was
isolated at the indicated time points and separated on SDS–PAGE. Western blots were performed with antibodies against human Mcm7.
(D) Effects of geminin on DNA replication. Extracts were supplemented with increasing concentrations of geminin (40, 60 and 120 nM).
(E) Phosphorylation of Chk1 serine 345 (p-CHK1) in extracts supplemented with 7000 nuclei/ml. Extracts were untreated (�) or supplemented
(þ ) with 40 nM geminin (GEM). Western blot was performed with anti-phospho-serine 345 of human Chk1 (p-Chk1) and anti-Chk1. Chk1
phosphorylation induced by geminin was detected with ECL plus reagent (see Materials and methods). (F) Replication assay in extracts
supplemented with 40 nM geminin (GEM) in the presence of 7000 nuclei/ml. Extracts were untreated (CTRL), mock depleted (Mock), Plx1
depleted (DPlx1) and Plx1 depleted and supplemented with recombinant Plx1 (Plx1-depþPlx1). The gel shown represents a typical result.
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complete rescue by recombinant Plx1 indicates the presence

of a sufficient number of Mcm complexes left on chromatin

after geminin treatment to support full DNA replication.

Taken together, these results suggest that Plx1 is required

for DNA replication under stressful conditions.

Plx1 binds to chromatin and promotes DNA replication

in the presence of stalled replication forks

To demonstrate a direct role of Plx1 in regulating DNA

replication, we monitored Plx1 binding to chromatin. We

could reproducibly detect low levels of Plx1 binding to

chromatin (Figure 2A). Significantly, we observed a large

increase in Plx1 binding to chromatin during DNA replication

in the presence of low levels of DNA-bound Mcm complexes.

A similar effect was observed with low amounts of aphidi-

colin, a replication inhibitor known to induce stalled replica-

tion forks (Jenkins et al, 1992) (Figure 2A). The Mcm binding

was not significantly affected by aphidicolin treatment

(Figure 2A), suggesting that induction of Plx1 binding was

due to the presence of stalled forks. To quantify the induction

of Plx1 binding to chromatin, we performed a western blot

using secondary antibodies labelled with infrared dyes,

which have better signal-to-noise ratio and high detection

sensitivity. Compared to chemiluminescence, the detection

with infrared dye is linear over a very wide range and

amounts from 1 pg up to 10 ng can be detected more reliably

(Chen et al, 2005). Using this sensitive technique and

comparing the amount of chromatin-bound Plx1 and

Mcm7, we could quantify Plx1 binding in the presence of

aphidicolin during the early stages of replication (Figure 2B).

Compared to the levels of Mcm7 loaded onto chromatin, the

binding of Plx1 increased up to four-fold (Figure 2C). These

experiments demonstrate that Plx1 is recruited to chromatin

in the presence of stalled replication forks.

Plx1 regulates replication origin firing under stressful

conditions by modulating Chk1 phosphorylation

To test whether the increased Plx1 binding to chromatin was

required for promoting DNA replication in the presence of

stalled replication forks, we measured DNA replication in

Plx1-depleted extracts treated with low amounts of aphidico-

lin. Similar to geminin, the supplementation of extracts with

low doses of aphidicolin inhibited DNA replication in the

absence of Plx1 and not in mock-depleted extracts (Figure 3A

and Supplementary Figure 5). We then tested whether the

effects of Plx1 on DNA replication were mediated by the

caffeine-sensitive intra-S-phase checkpoint that controls ori-

gin firing and the recruitment of supplementary Mcm com-

plexes (Shechter et al, 2004b; Woodward et al, 2006). We had

previously shown that caffeine releases the inhibition of DNA

replication induced by ATM and ATR in Xenopus egg extracts

(Costanzo et al, 2000; Shechter et al, 2004a). Significantly,

caffeine could restore DNA replication impaired by the ab-

sence of Plx1 in the presence of aphidicolin or geminin

(Figure 3A), suggesting that Plx1 was suppressing the intra-

S-phase checkpoint. Inhibition of topoisomerase II activity

mediated by etoposide induces DNA lesions activating

ATR (Costanzo and Gautier, 2003; Costanzo et al, 2003).

Consistent with the results obtained with low amounts of

aphidicolin, DNA replication in the presence of low amounts

of etoposide was impaired in Plx1-depleted extracts

(Supplementary Figure 6). This indicates that Plx1 is required

for bypassing a wide range of DNA lesions that impair

replication progression and activate ATR. To investigate

directly the effects of Plx1 on checkpoint signaling, we

monitored the activation of Chk1, a target of the caffeine-

sensitive intra-S-phase checkpoint (Shechter et al, 2004b).

We triggered Chk1 activation by supplementing egg extracts

with annealed oligomers of poly-deoxy-(A)70 and poly-deoxy-

(T)70 (pApT). These templates mimic incompletely replicated

DNA and induce Chk1 phosphorylation (Figure 3B), as

described previously (Yoo et al, 2004a). Strikingly, phosphor-

ylation of Chk1 was dramatically enhanced in Plx1-depleted

extracts supplemented with pApT (Figure 3B). We then

monitored the activation status of Chk1 in isolated nuclei

treated with aphidicolin. Again, Plx1 depletion led to a

significant increase in Chk1 phosphorylation (Figure 3C).

Supplementation of control extracts with recombinant Plx1

strongly suppressed Chk1 phosphorylation (Figure 3D).

These results indicate that Plx1 suppresses the caffeine-

sensitive intra-S-phase checkpoint that regulates origin firing.

Molecular mechanisms underlying Plx1-dependent

control of origin firing

To understand the molecular mechanism of replication arrest,

we monitored chromatin binding of the Mcm complex and

Cdc45. In extracts treated with aphidicolin, the binding of
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Figure 2 Plx1 binding to chromatin is enhanced in the presence of
stalled replication forks. (A) Chromatin binding of Plx1 and Mcm7
to chromatin 30, 60 and 90 min after nuclei addition to untreated
extracts (CTRL) and extracts treated with geminin (GEM) or 5mM
aphidicolin (APH). (B) Chromatin binding of Plx1 after aphidicolin
treatment. Extracts were untreated (CTRL) or treated with 5mM
aphidicolin (APH) before the addition of sperm nuclei. Chromatin-
bound proteins were separated on SDS–PAGE, transferred to nitro-
cellulose and probed for Mcm7 and Plx1, which were visualized
with infrared dye-labelled secondary antibodies. (C) Quantification
of chromatin-bound Plx1 at 30 and 60 min after nuclei addition to
untreated (CTRL) or aphidicolin (APH)-treated extracts. Chromatin-
bound proteins were quantified with an infrared imager and the
ratio of Plx1 to Mcm7 was plotted. The ratio Plx1 to Mcm7 in the
untreated sample (CTRL) was considered as the reference value.
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the Mcm complex to chromatin was not affected by Plx1

depletion, as shown by normal levels of Mcm7 detected

on chromatin (Figure 4A). We instead observed a strong

inhibition of Cdc45 binding to chromatin in the absence of

Plx1, which could be restored by supplementing extracts with

recombinant Plx1 (Figure 4A). Plx1 depletion did not impair

Cdc45 binding in untreated extracts (Supplementary Figure

7). As Cdc45 is loaded in the context of origin firing (Masuda

et al, 2003), DNA replication arrest in the absence of Plx1 is

due to suppression of origin firing. Cdc45 loading requires

Cdk2 activity (Masuda et al, 2003), which can be down-

regulated by the activation of the checkpoint (Costanzo et al,

2000; Shechter et al, 2004a). To verify whether impaired

Cdc45 loading was due to the downregulation of Cdk2

activity, we measured nuclear Cdk2 activity in the presence

and absence of Plx1 in conditions in which DNA replication

was impaired. Cdk2 activity was reduced in the presence of

an active intra-S-phase checkpoint (Figure 4B), as expected.

Significantly, the reduction of Cdk2 activity was more pro-

nounced in the absence of Plx1. Treatment with caffeine

restored Cdk2 activity to control levels in normal and Plx1-

depleted extracts (Figure 4B), suggesting that downregulation

of Cdk2 was mediated by hyperactivation of the checkpoint

induced by the absence of Plx1.

Mcm-dependent recruitment of Plx1 to chromatin

Plx1 has been shown to interact with Claspin, a mediator of

Chk1 activation. Prolonged and sustained activation of the

checkpoint promotes ATR-dependent recruitment of Plx1 to

Claspin. Plx1 in turn phosphorylates Claspin, inducing its

release from chromatin and promoting adaptation to the

checkpoint that delays mitosis onset (Yoo et al, 2004a). We

tested whether Claspin was also mediating the recruitment of

Plx1 to chromatin at the onset of DNA replication under

stressful conditions. We have recently shown that Claspin

loading onto chromatin requires the action of Tipin (Errico

et al, 2007). We confirmed that Tipin depletion (Figure 5A)

suppresses Claspin binding to chromatin (Figure 5B).

However, accumulation of Plx1 on chromatin induced by

stalled forks was not affected by the absence of Claspin

(Figure 5B). These results suggest that differently from adap-

tation, which occurs 3–4 h after persistent checkpoint activa-

tion, the rapid effects mediated by Plx1 at the onset of DNA

replication are not dependent on Claspin. Adaptation to

persistent checkpoint signalling also requires Plx1-dependent

release of Claspin from chromatin. However, increasing the

amount of Plx1 by the addition of recombinant Plx1 resulted

in downregulation of Chk1 activation (Figure 3D) but did not

promote Claspin release from chromatin during early S-phase

(Supplementary Figure 8). Overall, these data indicate that

the mechanism responsible for Plx1-mediated suppression of

the checkpoint during origin firing is distinct from Plx1-

mediated adaptation to the checkpoint at the G2/M transi-

tion. To identify the mechanism of Plx1 recruitment to

chromatin, we tested the interaction of Plx1 with the Mcm

complex. We found that Plx1 co-precipitated with Mcm7 and

that its binding was enhanced by activation of the checkpoint

induced by pApT (Figure 5C). To identify the region of Plx1
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Figure 3 Plx1 suppresses the caffeine-sensitive intra-S-phase checkpoint. (A) The effects of caffeine on DNA replication under stress in the
absence of Plx1. Sperm nuclei (7000 nuclei/ml) were replicated in extracts that were untreated (CTRL), mock depleted (Mock) or Plx1 depleted
(DPlx1) in the presence of 2.5mM aphidicolin (APH) or 40 nM geminin (GEM). Extracts were supplemented with buffer (Buff) or 5 mM caffeine
(Caff). (B) Phosphorylation of Chk1 in untreated (CTRL), mock-depleted (Mock) and Plx1-depleted (DPlx1) extracts that were untreated (�) or
supplemented with 50 ng/ml pApT (þ ). Western blot was performed with anti-phospho-Chk1 (p-Chk1), anti-Chk1 and anti-Xorc1 antibodies.
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bar graphs.
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that binds to the Mcm complex, we used truncated proteins

fused to GST in pull-down experiments. One of the truncated

proteins contained the protein interaction domain known as

the Polo box, which has been shown to interact with phos-

phorylated proteins (Elia et al, 2003). The GST–Polo box-

containing fragment derived from Plk1, which is highly

similar to the Polo box of Plx1, was incubated with egg

extracts. Proteins bound to the Polo box domain were then

eluted using a phosphorylated peptide with a strong affinity

for the Polo box, and subsequently subjected to matrix-

assisted laser desorption/ionization time-of-flight (MALDI-

TOF) to identify the sequence of the interacting proteins. As

shown in Figure 5D, the GST–Polo box was able to pull down

four major proteins, Mcm2, Mcm4, Mcm6 and Mcm7, as

revealed by MALDI-TOF analysis. As the Polo box interacts

with phosphorylated residues and the Mcm proteins could be

eluted using a phosphorylated peptide, it is likely that the

interaction is mediated by phosphorylated serine/threonine

residues present on endogenous Mcm proteins. The binding

of the Polo box to endogenous Mcm proteins was consistent

with the ability of full-length Plx1 to interact with chromatin

and Mcm7. We then tested whether the Polo box binding to

Mcm proteins was enhanced by the activation of checkpoint.

In line with the results obtained with full-length Plx1, Polo

box binding to the Mcm complex was enhanced by check-

point activation and was inhibited by caffeine (Figure 5E).

Plx1 was unable to bind to chromatin in extracts depleted

of the Mcm complex (Figure 5F), suggesting that the Mcm

complex is the major binding site for Plx1 on chromatin

during S-phase.

Phosphorylation of serine 92 of Mcm2 is required

for Plx1 function

The fact that Plx1 binding to the Mcm complex is enhanced

by checkpoint activation suggests that post-translational

modifications of the Mcm proteins induced by the activation

of the DNA damage response could increase Plx1 affinity for

the Mcm complex. Mcm2 is strongly phosphorylated on

serine 92 by ATM/ATR (Yoo et al, 2004b), and its phospho-

rylation can be induced by pA/pT, aphidicolin or etoposide

(Supplementary Figure 9A). To test whether phosphorylation

of serine 92 of Mcm2 has a role in Plx1 recruitment to

chromatin and in Plx1-mediated suppression of the check-

point, we produced recombinant wild-type Mcm2 (Mcm2-

WT) and Mcm2 in which serine 92 had been substituted with

alanine (Mcm2-S92A) rendering it resistant to ATR-mediated

phosphorylation (Supplementary Figure 9B). We supplemen-

ted egg extracts with an excess of Mcm2-WT or Mcm2-S92A

proteins. This procedure leads to the formation of a signifi-

cant amount of endogenous Mcm complexes containing the

exogenous Mcm2-WTor Mcm2-S92A proteins, which are able

to assemble onto chromatin and support DNA replication, as

shown previously (Yoo et al, 2004b). We confirmed that

equivalent amounts of recombinant Mcm2-WT and Mcm2-

S92A proteins could be loaded onto chromatin (Figure 6A).

Importantly, the presence of Mcm2-S92A impaired Plx1 re-

cruitment to chromatin following replication stress induced

by etoposide, which activates ATR in this system (Costanzo

et al, 2003). Plx1 loading onto chromatin was instead un-

affected in the presence of Mcm2-WT protein. This suggests

that Plx1 binding to the Mcm complex loaded onto chromatin

requires ATR-mediated phosphorylation of serine 92. We then

tested the ability of recombinant Plx1 to restore DNA replica-

tion under stressful conditions in the presence of Mcm2-WT

or Mcm2-S92A. Strikingly, Plx1 could not restore DNA repli-

cation under stressful conditions induced by etoposide in

Plx1-depleted extracts supplemented with recombinant

Mcm2-S92A (Figure 6B). The ability of Plx1 to rescue replica-

tion was instead preserved in the presence of Mcm2-WT

(Figure 6B). These results suggest that during DNA replica-

tion under stressful conditions, ATR-mediated phosphoryla-

tion of Mcm2 promotes chromatin recruitment of Plx1, which

subsequently releases the block on origin firing imposed by

the intra-S-phase checkpoint.

The absence of Plx1 leads to accumulation of DNA

double-strand breaks during DNA replication

Efficient and complete replication of the genome is essential

for genome stability. As Plx1 is required for efficient replica-

tion under stress, we asked whether the absence of Plx1 leads

to loss of genome integrity. Unstable genomes accumulate

double-strand breaks (DSBs) during DNA replication (Trenz

et al, 2006). To detect the presence of chromosomal breaks

occurring during DNA replication, we used a TUNEL-based

assay that we previously developed (Costanzo et al, 2001;

Trenz et al, 2006). Low numbers of sperm nuclei were used to

allow DNA replication in the absence of Plx1. The nuclei

were replicated in mock-depleted, Plx1-depleted or Plx1-

depleted extracts supplemented with recombinant Plx1. The

chromatin was then isolated and DNA breaks were radio-

actively labelled with terminal deoxynucleotidyl transferase.

We measured a significant increase in chromosomal breaks in

the absence of Plx1 when the levels of DNA-bound Mcm
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complexes were reduced (Figure 7A). The occurrence of

chromosomal breaks was prevented by supplementing egg

extracts with recombinant Plx1 (Figure 7A). To demonstrate

that the breaks occurring during DNA replication were dou-

ble stranded, we performed the neutral comet assay, which is

able to specifically detect DSBs (Trenz et al, 2006). A sig-

nificant number of nuclei replicated in Plx1-depleted extracts

showed the presence of the characteristic neutral comet or

halo, which indicates the presence of DSBs (Figure 7B). To

quantify the amount of DSBs, we used the head length of the

neutral halo corrected for the diameter of untreated nuclei as

the main parameter. Using this parameter, we observed a

significant accumulation of DSBs in the absence of Plx1

(Figure 7C). These results indicate that Plx1 prevents accu-

mulation of DSBs during chromosomal DNA replication

under stressful conditions.

Discussion

Plks are fundamental regulators of the cell cycle. Plx1 con-

trols the assembly of the mitotic spindle apparatus and the

activation–inactivation cycles of CDK/cyclin complexes dur-

ing M-phase (Liu and Maller, 2005). In mammalian cells, Plk1

kinase activity increases in M-phase (Golsteyn et al, 1995).

However, Plk1 function outside mitosis has remained

unknown so far. Here, we show that Plx1 is required for

DNA replication in the presence of stalled replication forks

induced by different treatments such as the addition of

aphidicolin and etoposide or by reducing the level of Mcm

complex loaded onto chromatin using low amounts of re-

combinant geminin. These findings reveal an unanticipated

role for Plx1 in the regulation of S-phase progression under

stressful conditions. We established that Plx1 is dispensable

for unchallenged chromosomal DNA replication. This is

consistent with the observed phenotype of Plk1 inactivation

in metazoan organisms and it rules out a role for Plx1 in the

basic mechanisms of DNA replication such as nuclear

formation, establishment of replication complexes and DNA

elongation. However, DNA is continuously subjected to

damage even under physiological conditions. Therefore, it

is likely that the DNA replication machinery frequently en-

counters damaged templates giving rise to stalled replication

forks. During embryonic replication in vertebrate organisms,

the number of Mcm complexes loaded onto chromatin ex-

ceeds the number of active replication origins (Edwards et al,

2002). Origin firing from the loaded Mcm complexes is

dynamically regulated throughout replication by an ATM-

and ATR-dependent intra-S-phase checkpoint (Marheineke

and Hyrien, 2004; Shechter et al, 2004a). Transient inactiva-

tion of this intra-S-phase checkpoint could lead to the firing of
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supplementary origins that would not fire under normal

conditions. This mechanism would ensure stalled fork bypass

by recruitment of supplementary origins to complete genome

replication under stress (Woodward et al, 2006). However,

the mechanism of checkpoint inactivation under stress is

unclear, as DNA damage or replication inhibition activates

the same intra-S-phase checkpoint pathway that keeps the

replication origins inactive. Plx1 has recently been shown to

regulate adaptation to the ATR-mediated mitosis onset delay

induced by unreplicated DNA (Yoo et al, 2004a). In unicel-

lular organisms, adaptation to DNA damage signalling

requires the Plx1 orthologue Cdc5, suggesting that this me-

chanism is conserved (Toczyski et al, 1997). Our data indicate

that Plx1 binds to chromatin in the presence of stalled

replication forks and induces suppression of the intra-S-

phase checkpoint. Similar to mammalian organisms, Plx1

binds to the Mcm complex in Xenopus through its Polo box

domain and its binding is enhanced by checkpoint activation

(Tsvetkov and Stern, 2005; Lowery et al, 2007; Stuermer et al,

2007). However, the function of this interaction was not

understood at functional level. Our data reveal a direct role

for Plx1 in the control of origin firing through the interaction

with the Mcm complex. Mcm7 and Mcm2 are phosphorylated

by ATM/ATR in the presence of DNA damage (Cortez et al,

2004; Yoo et al, 2004b). As the interaction between Plx1 and

the Mcm complex is mediated by the Polo box, which is a

phospho-binding domain (Elia et al, 2003), it is plausible that

direct phosphorylation of Mcm7 and/or Mcm2 by ATM/ATR

could favour Plx1 interaction with the Mcm complex on

chromatin. Indeed, we found that the interaction of Plx1

with Mcm proteins is increased by the induction of the

checkpoint. Significantly, we show that Plx1 binding to the

Mcm complex loaded onto chromatin requires Mcm2 serine

92, which is phosphorylated by ATM/ATR following

DNA damage (Yoo et al, 2004b). The Mcm complex

containing Mcm2-S92A mutant subunit is unable to support

Plx1-mediated recovery of DNA replication under stressful

conditions. These observations reveal an unanticipated func-

tion for the ATM/ATR-dependent phosphorylation of serine

92 of Mcm2, which appears to promote DNA replication

under stress. It is likely that Plx1-mediated suppression of

the checkpoint following its binding to the Mcm complex

promotes the derepression of supplementary dormant ori-

gins. This mechanism probably operates locally to promote

activation of origins that otherwise would be kept suppressed

by the checkpoint.

After prolonged checkpoint activation, Plx1 interacts with

Claspin following ATR-dependent phosphorylation of threo-

nine 906 (Yoo et al, 2004a). This interaction promotes Claspin

inactivation and release from chromatin. Claspin inactivation

by protein degradation restrains Chk1 activity and promotes

recovery from the DNA replication checkpoint in mammalian

organisms (Mailand et al, 2006; Peschiaroli et al, 2006). We

have recently shown that Tipin, a factor critical for replica-

tion fork stabilization (Chou and Elledge, 2006), is required

for Claspin binding to chromatin and for efficient Chk1

activation (Errico et al, 2007). However, Tipin depletion

does not affect Plx1 binding to chromatin, confirming that

Plx1 recruitment to chromatin at the onset of DNA replication

takes place through a mechanism distinct from that of

Claspin-mediated adaptation to the checkpoint. Plx1-

mediated inactivation of Chk1 at the onset of S-phase might

happen at the level of replication origins following Mcm

binding and might be due to Plx1-mediated phosphorylation

of factors required for efficient Chk1 phosphorylation, such

as Tipin (Errico et al, 2007). This event precedes the suppres-

sion of Chk1 phosphorylation at the transition into mitosis,

which requires Plx1 binding to Claspin and probably a more

robust signalling from Plx1 whose activity increases at mi-

tosis onset in Xenopus (Kelm et al, 2002). Consistent with this

interpretation, we show that, differently from mitosis onset,

Plx1 does not promote Claspin release from chromatin and

does not affect Claspin stability during early S-phase. These

data suggest that Plx1-mediated inactivation of Claspin after

persistent checkpoint activation regulates the transition from

S-phase into mitosis whereas Mcm-mediated recruitment of

Plx1 promotes replication progression in the presence of

stalled replication forks (Figure 7D).

Checkpoint activation in Xenopus leads to downregulation

of S-phase kinase activities (Costanzo et al, 2000, 2003). We

have shown that Plx1-mediated suppression of the check-

point affects Cdk2 activity. The absence of Plx1 induces a

strong suppression of Cdk2 levels that can be restored

by caffeine treatment. This suggests that the effects on

Cdk2 activity are mediated by the hyperactivation of the

checkpoint induced by Plx1 deficiency. However, we cannot

exclude the existence of an alternative mechanism in the

suppression of Cdk2 activity. During mitosis, Plx1 promotes

Cdk1 activation through direct phosphorylation and

maintenance of Cdc25 phosphatase activity, which depho-

sphorylates the inhibitory tyrosine 15 of Cdk1 (Kumagai and

Dunphy, 1996; Liu and Maller, 2005). The checkpoint-

induced downregulation of Cdk2 activity in egg extracts is

mediated by the inactivating phosphorylation on tyrosine 15
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of Cdk2/Cyclin E complex, which is under the control of

Cdc25 (Costanzo et al, 2000). In the light of these observa-

tions, we cannot exclude that suppression of Cdk2 activity is

also due to the direct role of Plx1 in controlling the activity of

one of the Cdc25 phosphatases present in egg extracts.

Overall, our data suggest a model in which Plx1 is required

for modulating the intra-S-phase checkpoint that regulates

DNA replication progression in an embryonic model system

(Figure 7D). However, Plx1 activity could also be important

for somatic DNA replication. Plk1 is overexpressed in many

tumours (Ahr et al, 2001). Downregulation of Plk1 expression

leads to cell death in transformed cells (Liu and Erikson,

2003a, b), suggesting that Plk1 is required for the cell cycle of

tumour cells. The genome of tumour cells is highly unstable

and has many DNA lesions that would normally interfere

with replication progression. In this case, overexpression of

factors such as Plk1 might drive DNA replication forward,

overcoming the effects of replication stress. We show that

Plx1 is required for preventing accumulation of DSBs in the

presence of a restricted number of replication origins induced

by geminin. This situation might actually mimic DNA

replication in tumour cells where geminin is frequently

deregulated (Montanari et al, 2006). Consistent with our

results, replication in the absence of Plk1 in transformed

human cells leads to accumulation of DSBs, as shown by the

accumulation of phosphorylated histone H2AX foci (Liu et al,

2006). In addition, we show that Plx1 is required for DNA

replication in the presence of etoposide, a widely used

anti-cancer drug. This result could be relevant to understand

the molecular mechanisms underlying the response of cancer

cells to chemotherapeutic strategies based on the use of this

drug. Overall, our study provides new insights into the role of

Plx1, indicating that in addition to mitotic functions this

enzyme preserves genome integrity by promoting DNA

replication under stressful conditions.

Materials and methods

Additional Materials and methods can be found in Supplementary
data.

X. laevis egg extracts
Mature X. laevis females were primed about 1 week in advance with
50 U of pregnant mare serum gonadotropin per animal. To induce
ovulation, 400 U of human chorionic gonadotropin per animal was
used. The eggs were collected in 90 mM NaCl. To prepare interphase
extracts, the eggs were dejelled in a buffer (20 mM Tris, pH 8.5,
110 mM NaCl, 5 mM DTT) for 5 min, washed with 1

4 Marc’s modified
Ringer (MMR) (5�MMR: 100 mM HEPES, pH 7.5, 2 M NaCl, 10 mM
KCl, 5 mM MgSO4, 10 mM CaCl2, 0.5 mM EDTA) and activated with
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Figure 7 Plx1 prevents chromosomal breakage during DNA replication. (A) DNA breaks detected with the TUNEL assay. Egg extract was left
untreated (CTRL), mock depleted (Mock), Plx1 depleted (DPlx1) or Plx1 depleted and supplemented with recombinant Plx1 (DPlx1
depþPlx1). DNA replication was obtained in the absence (grey bar) or presence of 40 nM geminin (black bar). Sperm nuclei were replicated
for 90 min, chromatin was isolated and TUNEL assay was performed in the presence of [a-32P]dATP. The DNA was isolated, precipitated and
separated on an agarose gel. Incorporated 32P was quantified with the PhosphoImager and optical density (OD) was plotted. (B) Typical image
of a nucleus processed with the neutral comet assay from mock-depleted extract (Mock) and from Plx1-depleted extract (DPlx1).
(C) Quantification of DSBs. Untreated extracts (grey) and extracts supplemented with geminin (black) were left untreated (CTRL), mock
depleted (Mock), Plx1 depleted (DPlx1) or Plx1 depleted and supplemented with recombinant Plx1 (DPlx1þPlx1). The percentage increase in
the head length of the comets subtracted from the average nuclear diameter of undepleted samples with high Mcm was used as a parameter to
measure DSBs. (D) Model representing the function of Plx1 in DNA replication under stressful conditions. In the presence of stalled replication
forks, the ATR/ATM-dependent checkpoint activation promotes Plx1 binding to the Mcm complex close to stalled forks and attenuates the
inhibitory activity of the checkpoint towards unfired origins. Activation of the supplementary origins overcomes the stalled replication forks.
Claspin-dependent recruitment of Plx1 suppresses the checkpoint that controls mitosis onset in the presence of unreplicated DNA.

Plx1 and DNA replication under Stress
K Trenz et al

&2008 European Molecular Biology Organization The EMBO Journal VOL 27 | NO 6 | 2008 883



1mg/ml calcium ionophore A23187 in MMR for 5 min. The activated
eggs were washed with 1

4 MMR and then washed three times with
ice-cold S-buffer (0.25 M sucrose, 50 mM KCl, 2.5 mM MgCl2, 2 mM
b-mercaptoethanol, 15mg/ml leupeptin and 50 mM HEPES–KOH at
pH 7.5). The eggs were packed by spinning and then crushed at
13 000 r.p.m. for 15 min. The cytoplasmic fraction between lipid cap
and pellet was collected, supplemented with cytochalasin B (40mg/
ml final concentration) and centrifuged at 70 000 r.p.m. for 15 min
to remove residual debris. The cytosolic and membrane fractions
were collected and supplemented with 30 mM creatine phosphate
and 150 mg/ml creatine phosphokinase. Extracts were then snap-
frozen with 3% glycerol in beads of 20 ml. Frozen beads were
thawed and used immediately.

Antibodies
Rabbit polyclonal antibodies against Plx1 were raised against
recombinant histidine-tagged Plx1 expressed in baculovirus (Har-
lan). Mouse monoclonal antibodies against Mcm7 were purchased
from Santa Cruz (SC-9966). To detect Chk1 phosphorylation, a
phospho-specific antibody (Cell Signalling Technology, cat. no.
2341) raised against human Chk1 phosphorylated at S345 (S344 in
Xenopus) was used. For detection of total Chk1 levels, an antibody
from Santa Cruz Biotechnology was used (SC-8408). Antibodies
against Xenopus Cdk2 and Orc1 were a gift from Julian
Gannon. Antibodies against Xenopus Claspin were a gift from
Howard Lindsay. Xenopus Tipin and Mcm3 antibodies have
been described previously (Costanzo et al, 2000; Errico et al,
2007). Anti-phospho-human Mcm2 serine 108 antibodies (cross-
reacting with Xenopus Mcm2 serine 92) were obtained from Bethyl
and anti-histidine antibodies were from Sigma. Infrared dye-
labelled secondary antibodies were obtained from Li-COR
Bioscience (goat anti-mouse IR Dye 680 for the detection of anti-
Mcm7; goat anti-rabbit IR Dye 800CW for the detection of anti-
Plx1). The western blot procedures were performed using ECL
or ECL plus (Amersham).

Plx1, Mcm3 and Tipin depletion
Interphase extracts (500ml) were incubated three times for 40 min
with 100ml of protein A-Sepharose beads, 4B fast flow (Sigma)
coupled to 200 ml of anti-Plx1 serum, 100ml of anti-Mcm3 or 200ml
of anti-Tipin serum at 41C for 2 h in the presence of 1 mM AEBSF
(4-(2-aminoethyl)benzenesulphonyl fluoride hydrochloride). Mock
depletions were performed using beads coupled to 200ml of
pre-immune serum. The coupling to the beads was performed in
EB buffer (100 mM KCl, 50 mM HEPES, pH 7.5, 2.5 mM MgCl2)/
0.2% NP-40. After the coupling reaction, the beads were first
washed extensively with EB buffer/0.2% NP-40 and then with EB
buffer.

Recombinant proteins
6xHistidine-tagged geminin (a gift from M Micheal) was expressed
in BL21(DES) cells from a pET28 plasmid and purified on a nickel-
NTA column according to standard protocols. Baculoviruses
encoding 6xHistidine-tagged Plx1 (a gift from J Gautier), Mcm2-
WT and Mcm2-S92A (a gift from W Dunphy) were used to infect Sf9
cells, which were expanded in large flasks using complete GRACE
medium according to standard protocols (Invitrogen). 6xHistidine-tagged
Plx1, Mcm2-WT or Mcm2-S92A proteins were purified on
a nickel-NTA column (Qiagen) according to the manufacturer’s protocol.

Replication assay
DNA replication was performed as described previously (Costanzo
et al, 2001). Briefly, sperm nuclei at the concentration of 2000–7000
nuclei/ml, as indicated in the figure legend, were added to
interphase extracts and replicated in the presence of [a-32P]dATP
at 231C. The amounts of geminin, aphidicolin and etoposide
(Sigma) were titrated for each extract due to the different
checkpoint activation thresholds of each batch. Usually 2.5–5 mM
aphidicolin, 20–60 nM geminin or 5–10 mM etoposide was used. EB
buffer was used to compensate for volume differences after reagents
addition. The experiments were repeated three times.

If not otherwise indicated the replication reactions were stopped
at 120 min with Stop buffer (1% SDS, 80 mM Tris, pH 8, 8 mM
EDTA). For pulse labelling, aliquots of the replication reaction were
incubated for 30 min in the presence of [a-32P]dATP. The samples
were digested with 1 mg/ml proteinase K for 45 min, extracted
with phenol/chloroform/isoamylalcohol, ethanol-precipitated and

separated on 0.8% agarose gel. The gel was fixed in 30% TCA for
20 min, dried and exposed for autoradiography. For quantification
of DNA replication, the gel was exposed to a phosphoscreen, the
signal was obtained with a PhosphoImager and quantified by
ImageQuant software. Replication of single-stranded DNA of M13
phage was performed in a similar manner using 12.5 ng/ml of DNA.

Chromatin binding
Chromatin was isolated as described previously (Costanzo et al,
2003) with slight modifications. Chromatin was assembled in 50 ml
of interphase extracts. The extracts were untreated, mock depleted,
Plx1 depleted or Plx1 depleted and supplemented with 6 ng/ml Plx1
in the presence of 5mM aphidicolin (Sigma) or a low concentration
of geminin (40 nM). For the experiment in Figure 6A, the extract
was supplemented with 5 mM etoposide in the presence of 200 ng/ml
of Mcm2-WTor 200 ng/ml of Mcm2-SA92 proteins. For all chromatin
binding experiments, 4000 sperm nuclei/ml were incubated for 30, 60
or 90 min. To isolate the chromatin, the extracts were diluted in
500ml of EB buffer (100 mM KCl, 50 mM HEPES, pH 7.5, 2.5 mM
MgCl2)/0.25% NP-40 and layered onto 100ml of a 30% sucrose
cushion made of the same buffer. The chromatin was spun at 10 000 g
for 5 min at 41C, using a swing-out bucket rotor, washed with 500ml
EB buffer and spun again at 10 000 g for 5 min, in a fixed-angle rotor.
The pellet was resuspended in Laemmli loading buffer, loaded onto a
10% SDS–PAGE and analysed by western blotting with specific
antibodies, as indicated in the figure legend. To quantify the amount
of Plx1 loaded onto the chromatin in the presence of aphidicolin,
secondary antibodies labelled with infrared dye were used. The anti-
mouse secondary antibody, detecting Mcm7, had an emission at
680 nm (displayed in red in Figure 2A) and the anti-rabbit secondary
antibody detecting Plx1 had an emission at 800 nm (displayed in
green in Figure 2A). The amount of chromatin-bound protein was
quantified with an LI-COR Infrared Imager (Biosciences).

Neutral comet assay
Sperm nuclei (2000 nuclei/ml) were replicated in 50ml of interphase
extract at 231C. Interphase extract was used without any treatment,
mock depleted, Plx1 depleted or Plx1 depleted and supplemented
with recombinant Plx1 (6 ng/ml). After 120 min, the samples were
diluted in 1 ml PBS, the nuclei were spun down at 2000 r.p.m. for
5 min and the supernatant was removed. Nuclei were resuspended
and processed for the comet assay. The neutral version (pH 8.3) of
the comet assay was performed according to Trenz et al (2006).
Aliquots of 6ml of sperm nuclei suspension were mixed with 60 ml of
low-melting agarose (0.5% in PBS) and added to microscope slides
(Trevigen) pre-coated with a bottom layer of 1.5% agarose. Nuclei
were lysed for 1 h at 41C in a lysis solution at pH 9.5 (2.5 M NaCl,
100 mM EDTA, 10 mM Tris base, 1% Triton X-100 and 10% dimethyl
sulphoxide). The slides were washed three times in the electro-
phoresis buffer (100 mM Tris, 300 mM sodium acetate, adjusted to
pH 8.3) and then equilibrated for 60 min in the same buffer. Slides
were transferred to an electrophoresis chamber, covered with fresh
buffer and electrophoresed for 60 min at 41C at 14 V (0.48 V/cm)
and 120 mA. Slides were then washed three times with alkaline
buffer (300 mM NaOH, 1 mM EDTA) followed by three brief washes
with 0.4 M Tris pH 7.5. The slides were dehydrated in 70% ethanol
and then air-dried. Images of 100 randomly selected ethidium
bromide-stained cells were analysed from each coded slide at � 400
magnification. To measure the extent of DNA damage, image
analysis software (Comet IV, Perceptive Instruments) was used.
DNA damage was assessed by monitoring comet head length
analysing 100 cells for each slide.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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