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Abstract
Polo-like kinases (Plks) are a family of serine–threonine kinases that play a pivotal role in cell cycle progression and in cellular

response to DNA damage. The Plks are highly conserved from yeast to mammals. There are five Plk family members (Plk1–5)

in humans, of which Plk1, is the best characterized. The Plk1 isoform is being aggressively pursued as a target for cancer

therapy, following observations that this protein is overexpressed in human tumors and is actively involved in malignant

transformation. The roles of Plks in mitotic entry, spindle pole functions and cytokinesis are well established and have

been the subject of several recent reviews. In this review, we discuss functions of Plks other than their classical roles in

mitotic progression. When cells incur DNA damage, they activate checkpoint mechanisms that result in cell cycle arrest

and allow time for repair. If the damage is extensive and cannot be repaired, cells will undergo cell death by apoptosis. If

the damage is repaired, cells can resume cycling, as part of the process known as checkpoint recovery. If the damage is

not repaired or incompletely repaired, cells can override the checkpoint and resume cycling with damaged DNA, a process

called checkpoint adaptation. The Plks play a role in all three outcomes and their involvement in these processes will be

the subject of this review.
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Introduction

Polo-like kinases (Plks) are a conserved family of serine–
threonine kinases with highly related catalytic domains.1–3

Their conservation is evident from yeast to mammals. The
first Plk to be described was Drosophila melanogaster Polo, a
mutant of which produced mitotic and meiotic defects.4,5

Budding yeast (Saccharomyces cerevisiae) and fission yeast
(Schizosaccharomyces pombe) each have a single Plk designated
Cdc5 and Plo1, respectively, which functions to regulate
mitotic entry, mitotic exit and cytokinesis. In Xenopus laevis,
there are three known Plks (Plx1–3)6 and in mammals there
are five known mammalian Plks (Plk1–5). Plk1, Plx1, Polo,
Cdc5 and Plo1 are orthologs and their multiple contributions
to cell cycle progression reveal their conserved and essential
cellular roles. The functions of their paralogs (Plk2–5 and
Plx2, 3), however, are less well understood.

The Plks1, 2, 3 and 5 each have two conserved ‘polo box’
motifs while Plk4 (Sak), a divergent member of the Plk
family, possesses only one of the two bipartite polo-box
motifs. In Plk1, the two polo boxes comprise the polo box
domain (PBD) that coordinates protein–protein interactions

and subcellular localization.7 – 14 As in Plk1, the Plk2 and
Plk3 PBDs preferentially bind phosphoserine and phospho-
threonine motifs.15 – 22 The Plks appear to regulate the G1/S
transition, the entry of cells into mitosis, cytokinesis and the
cellular response to DNA damage. These functions have
been deduced in part by their localization to mitotic struc-
tures and by the phosphorylation of their specific substrates
via their PBD and catalytic domains, respectively.11,12,23 – 27

The best characterized member of the Plk family is Plk1,
which serves as a key positive regulator of mitosis,
meiosis and cytokinesis.2,25 Various types of cancers overex-
press Plk1, and its elevated expression is associated with
poor prognosis.28 – 33 Thus Plk1 is considered a candidate
target for anticancer therapy.34 – 38 Within the past few
years, a number of Plk1 substrates has been identified
revealing signaling pathways by which Plk1 can regulate
mitotic entry, DNA damage checkpoint responses, spindle
formation and mitotic exit (reviewed by Strebhardt).39

The Plk2 (serum-inducible kinase, Snk) and Plk3 (also
designated FGF-inducible kinase, Fnk or Prk) kinases are
products of early-response genes that are induced when
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quiescent mouse fibroblasts are stimulated by serum.40 – 43

The Plk2 gene is a transcriptional target of p53 and is also
reported to be elevated in cancer cells. The Plk2 kinase inter-
acts with Chk1 and Chk2 kinases and participates in
S-phase arrest.44 Both Plk2 and Plk4 appear to be involved
in centriole duplication.45,46

Plk3 is considered to be a tumor suppressor and a regula-
tor of cellular responses to DNA damage and angiogen-
esis.40 – 43,47,48 Some studies report that Plk3 expression
remains relatively constant during normal cell cycle pro-
gression42 while others argue that Plk3 is active mainly
during entry of cells into S phase49 or in mitosis.50 While
expression of Plk1 is down-regulated following DNA
damage,51 Plk3 expression is induced and accompanied by
an activating phosphorylation that is ataxia telangiectasia
mutated (ATM) dependent.41 – 43 When Plk3 is activated, it
mediates phosphorylation of Chk2 by ATM and subsequent
checkpoint activation.52 Chk2 physically interacts with and
stimulates Plk3 activity. The interaction of Chk2 and Plk3
is enhanced following DNA damage, suggesting that
Chk2 may mediate direct activation of Plk3 in response to
genotoxic stress.43 Plk3 also phosphorylates DNA polymer-
ase d, suggesting that it may be involved in DNA repair.41

Plk3 also participates in the onset of mitosis via inhibitory
phosphorylation of Cdc25c.53

The Plk4 (Sak) kinase is required for late mitotic pro-
gression, cell survival and postgastrulation embryonic
development.54 It is a structurally divergent member of
the Plk family, having only one polo-box domain that can
form two adjacent and functional PBDs by homodimeriza-
tion in vivo.55 Functionally, Plk4 is more closely related to
Plk1 than to the other Plk members. Like Plk1, it localizes
to centrosomes and the cleavage furrow during cytokinesis,
and its role in centriole duplication is well established.45

Also like Plk1, cells and mice that are heterozygous for
Plk4 display haploinsufficiency with increased probability
of mitotic errors and cancer development. Consistent with
this observation, there is loss of heterozygosity at Plk4 in
about 50% of human hepatocellular carcinomas (HCC).56

It appears that a tight balance of the Plk4 protein level is
requisite for sustained genomic instability since overexpres-
sion of Plk4 leads to the appearance of multinucleated
cells57 and may be associated with colon tumors.58

We have recently cloned the cDNA that encodes a fifth
member of the Plk family, designated Plk5.14 Based on its
nucleotide sequence, there are two distinct domains
within the Plk5 protein. The amino-terminal portion has
features characteristic of the catalytic domain of a serine/
threonine kinase and shows strong homology to other
kinases of the polo family. The carboxy-terminal part of
the protein harbors the putative regulatory domain, which
contains the PBD and shares extensive homology with the
carboxy-terminal domains of the other Plk proteins. Based
on sequence similarities at the DNA and protein levels,
Plk5 shares greater similarity with Plk2 and Plk3 than
with Plk1 and Plk4. Consistent with this observation, we
have shown that the mouse Plk5 gene is activated following
DNA damage. Interestingly, human Plk5 but not mouse
Plk5 contains a stop codon at position 807 of the nucleotide
sequence (exon 6) that leads to a truncated protein. A second

open reading frame starts just after this stop codon and
extends through the end of the human Plk5 gene. Plk5
mRNA levels become elevated following introduction of
DNA damage or disruption of microtubules, suggesting
that Plk5 is a stress-induced protein that is involved in pre-
serving cell integrity and that responds to a broad range of
insults. Mouse Plk5 localizes predominantly in the nucleo-
lus, and deletion of a putative nucleolar localization signal
within its N-terminal region disrupts this subcellular local-
ization. Overexpression of Plk5 leads to G1 cell cycle
arrest, decreased DNA synthesis and apoptosis, a character-
istic it shares with Plk3.14

Plks are regulated at several levels including transcrip-
tion, phosphorylation and ubiquitination-mediated degra-
dation. At the transcriptional level, Plks are regulated in a
cell-cycle-dependent manner.59 Plk1 and its orthologs
are regulated by a CDE/CHR (cell-cycle-dependent
element/cell cycle gene homology region) element, which
represses the transcription of Plk1 (in mammals) and plo1
(in fission yeast) and involves unknown factors.60 – 63

Forkhead transcription factors (FKH-TFs) stimulate the tran-
scription of Plk1, cdc5 and plo1, which in turn activate
FKH-TF-dependent transcription.64 – 66 In Drosophila melano-
gaster and humans, retinoblastoma protein and E2F can
inhibit polo or Plk1 transcription.61,67,68 The tumor suppres-
sor protein p53 and its downstream effector p21 also repress
Plk1 transcription. The transcriptional activator protein
MYB has also been shown to activate polo transcription in
D. melanogaster.69 p53 regulates the transcription of PLK2,
PLK3 and PLK4 especially in response to DNA damage.
Both Plk2 and Plk5 have been shown to be regulated at
the transcriptional level through CpG methylation of their
promoters.70 The role of p53 in the transcription regulation
of these genes is further detailed bellow. Plks are also acti-
vated by phosphorylation in their T-loop (or activation
loop) domain.12,71 This phosphorylation activates the
kinase domain of these proteins and relieves an intramole-
cular inhibitory interaction with the Polo-box domain
(PBD).3,72 In human cells, Plk1 is activated at mitotic entry
by Aurora A kinase and its adaptor BORA, which phos-
phorylate Plk1 in its T-loop.73,74 Plk1 has been proposed
to be dephosphorylated in the T-loop by protein phospha-
tase 1.75 Other kinases and phosphatases probably regulate
the T-loop phosphorylation of other Plks. Plk activity is also
regulated by ubiquitin-mediated degradation.76 Plks are tar-
geted for degradation by different ubiquitin ligases includ-
ing anaphase promoting complex (APCCdh1) and the
ubiquitin ligase SCF (SKP1, Cullin, F-box).9,77 – 81

Polyubiquitylation is recognized by the 26S proteasome,
which destroys the Plk. Plk1 and Cdc5 are targets of the
Cdc20 homolog 1 (Cdh1)-activated APC. Plk4 and probably
Plk2–5 are targets of the ubiquitin ligase SCF (SKP1, Cullin,
F-box).9,77 – 81 Plks engage in protein interactions through the
binding of their PBD to targets previously primed by phos-
phorylation. This increases the kinase domain activity and
positions Plks favorably for phosphorylation of either the
same target or another proximal target. 7,13,82,83

The role of Plks, especially Plk1, in the cell cycle including
entry into mitosis, centrosome maturation, assembly of the
bipolar spindle, sister chromatid splitting, activation of the
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anaphase promoting complex and exit from mitosis is well
understood and has been the subject of several excellent
reviews.1,2,39,84 – 89 Although data supporting a role of Plks
in the DNA damage response and repair are still scarce,
the Plks are emerging as important regulators of checkpoint
modulation in response to DNA damage. In this review we
discuss evidence linking Plks to the DNA damage response,
particularly in checkpoint adaptation, checkpoint recovery
and apoptosis. The recent findings about the interplay
between Plks and p53 in the regulation of these processes
will also be addressed.

Plks and DNA damage response

The DNA damage checkpoint represents a vital cellular
process that coordinates cell cycle progression (or its transi-
ent cessation) with DNA repair in response to DNA
damage. When there is DNA damage or replication stress,
checkpoint responses prevent further cell divisions to
allow time for DNA repair and/or DNA replication to be
completed.90 – 93 The checkpoint machinery is highly con-
served in eukaryotes and defects in this machinery lead to
sensitivity to damage in yeast and to cancer susceptibility
in humans. The PI3-kinase proteins that include ATM
(Tel1 in S. cerevisiae and S. pombe) and ataxia telangiectasia
and Rad3-related (ATR) (Mec1 in S. cerevisiae and Rad3 in
S. pombe) play important roles as the initial sensor of DNA
damage that initiate the signal transduction pathways,
resulting in the transcriptional induction of DNA repair
genes and the slowing of cell cycle progression.94 – 96 The
DNA damage response involves a number of factors that
ultimately coordinate the spatiotemporal assembly of
protein complexes at the site of DNA damage to initiate
and maintain the checkpoint. Depending on the type of gen-
otoxic stress, different checkpoint pathways are activated.
Ultraviolet (UV) irradiation and stalled replication forks
preferentially activate the ATR-Chk1 pathway, whereas
double-strand breaks (DSBs) result in the activation of
both the ATM-Chk2 and ATR-Chk1 pathways. In
mammals, ATM is recruited to the site of DNA damage
where it phosphorylates and activates the effector kinase
Chk2, while ATR phosphorylates and activates the effector
kinase Chk1, a process that requires the mediator protein
Claspin. Important downstream targets of Chk1 and Chk2
include p53 and Cdc25A. The p53 protein can serve as a
transcription factor and Cdc25A phosphatase can activate
cyclin-dependent kinase 1 (Cdk1), by dephosphorylating
the Cdk tyrosine 15 and threonine 14. Chk1-mediated phos-
phorylation induces the stabilization of p53 (with the conse-
quent expression of the CDK inhibitor p21) and is required
for the SCFbTrcp-mediated degradation of Cdc25A. Thus,
activation of Chk1 and Chk2 results in the attenuation of
Cdk1 activity with consequent inhibition of mitosis.

Following arrest in G2 as a result of DNA damage, cells
will undergo one of three possible scenarios. The first,
known as checkpoint recovery, involves the complete
repair of the damaged DNA before cells can continue to
divide. The second is a potentially deleterious option
known as checkpoint adaptation, which involves cell cycle

progression with damaged DNA. The third is apoptosis,
which allows elimination of cells with heavily damaged
DNA. The Plks have been shown to be involved in all
three processes.

Plks in checkpoint adaptation

When DNA damage occurs in interphase, ATR- and
ATM-mediated checkpoints maintain the integrity of the
genome by arresting the cell cycle. These signaling path-
ways provide time for DNA repair prior to the onset of
mitosis and thus prevent the catastrophic chromosome
breakage that can occur when damaged chromatids are seg-
regated. ‘Recovery’ from damage-induced arrest results
from relaxation of the checkpoint after DNA repair is com-
plete. In S. cerevisiae, there is a mechanism for ‘adaptation’
to the G2/M DNA damage checkpoint that also permits a
cell with irreparable damage to re-enter the cell cycle.97

Adaptation may be beneficial for a unicellular organism
because it provides opportunities for the cell to repair the
damaged chromosome in a subsequent cell cycle, enhancing
its chances for survival.98,99 The use of the word ‘adap-
tation’ to describe the process of overriding a checkpoint
was first introduced by Leland Hartwell.100 Adaptation is
a common component of many disparate signal transduc-
tion systems, such as bacterial chemotaxis101 and vertebrate
vision,102 and renders these pathways less sensitive to a
given stimulus upon continued exposure to that signal.

In S. cerevisiae, adaptation to the G2/M arrest of the DNA
damage checkpoint was demonstrated using a haploid yeast
strain containing a non-essential extra copy of chromosome
VII with a cleavage site for the homothallic switching endo-
nuclease (HO). When HO was induced in a mutant (rad52)
unable to repair double-strand DNA (dsDNA) breaks, cells
arrested in G2/M for approximately 10 h, then adapted and
resumed division in the presence of the broken chromo-
some.97 This checkpoint adaptation was later shown to be
mainly mediated by the yeast Plk Cdc5.100 Hartwell’s
group used the same system described in Sandell and
Zakarian97 and isolated two adaptation-defective mutants
that remain permanently arrested as large-budded cells
when faced with an irreparable dsDNA break in chromo-
some VII. This adaptation-defective phenotype was entirely
relieved by deletion of Rad9, a gene required for the G2/M
DNA damage checkpoint arrest. Loss of adaptation was
conferred by a mutant Cdc5. A second less penetrant,
adaptation-defective mutant was due to mutation at the
CKB2 locus, which encodes a non-essential specificity
subunit of casein kinase II.100 Failure of the cdc5-ad
mutants to adapt to DNA damage was due to mitotic exit
defects.103 The involvement of Cdc5 in checkpoint adap-
tation is corroborated by recent data showing that overpro-
duction of the Cdc5 protein overrides the checkpoint
signaling induced by dsDNA breaks, preventing the phos-
phorylation of several Mec1/ATR targets, including Ddc2/
ATRIP, the checkpoint mediator Rad9, and the transducer
kinase Rad53/CHK2.104 High levels of Cdc5 also slow
down DSB processing in a Rad9-dependent manner, but
do not prevent the binding of checkpoint factors to a
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single DSB. Cdc5 also appears to regulate Sae2, the func-
tional ortholog of human CtIP, which in turn regulates
DSB processing and inhibits checkpoint signaling. One
proposition is that Cdc5 interferes with the checkpoint
response to DSBs by acting at multiple levels in the signal
transduction pathway and at an early step required to
resect DSB ends.104

A similar scenario is observed in Xenopus egg extracts.
Nuclei in extracts containing the replication inhibitor aphi-
dicolin can adapt to the signal created by replication stress
and enter into mitosis in the presence of unreplicated
DNA.105 This effect is mediated by the Xenopus homolog
of Plk, Plx1, which inactivates Chk1 by regulating
Claspin.105 Claspin is an adaptor protein necessary for
Chk1 activation.106 It is a replication-dependent chromatin-
binding protein that becomes highly phosphorylated in an
ATR-dependent manner after genotoxic stress. This phos-
phorylation appears to be necessary for activation of Chk1
by ATR.106 Furthermore, ATR-dependent phosphorylation
of Claspin at Thr906 creates a docking site for Plx1 to
bind via its phosphopeptide-binding polo-box domains.105

This binding event facilitates phosphorylation of Claspin
by Plx1 on a nearby residue, Ser934, phosphorylation of
which causes the dissociation of Claspin from chromatin,
leading to inactivation of Chk1 and entry of cells into
mitosis. When endogenous Claspin is depleted and replaced
with Claspin that is mutant at either Thr906 or Ser934, the
mutant Claspin accumulated on chromatin, Chk1 remained
phosphorylated, and nuclei in the extract remained arrested
in interphase. While adaptation in X. laevis and S. cerevisiae
is well established, adaptation would appear to be unfavor-
able for mammalian systems because of the obvious
mutator effect and the enhanced risk of cancer. Several
observations suggest that this pathway would require
additional levels of control if it indeed exists in mammals.
For example, the phosphorylation site in human Claspin
that corresponds to Xenopus Claspin Thr906 is not an ATR
consensus site but rather a consensus Cdk/MAPK site.
Perhaps this site is regulated by another kinase or mediates
a different outcome such as recovery. Furthermore,
although Xenopus Plx1 activity continues to increase follow-
ing aphidicolin treatment, in human cells its Plk1 ortholog is
down-regulated following UV irradiation or adriamycin
treatment.49,75 This finding raises the question of how Plk1
would mediate adaptation to these types of genotoxic
stress in mammalian cells. The situation in Xenopus is also
likely to be more complex. Clearly, phosphorylation at
Thr906 and Ser934 is involved in Claspin regulation, but
there is a significant delay between Plx1-mediated phos-
phorylation of Claspin and mitotic entry, suggesting
additional steps may be involved.

Despite the argument against checkpoint adaptation in
humans, Syljuåsen et al.107 have shown that human osteo-
sarcoma cells enter mitosis with g-H2AX foci, a marker
for unrepaired DNA DSBs, following ionizing
radiation-induced G2 checkpoint arrest. Exit from the G2

checkpoint was accelerated by inhibiting Chk1 and was
delayed by overexpressing wildtype Chk1 or depleting
Plk1 with an inhibitory RNA. Chk1 and Plk1 seem to
control this process, at least partly, via independent

signaling pathways. These results suggest that human cells
are able to exit the checkpoint arrest and divide before
DNA damage has been fully repaired. Such cell division
in the presence of damaged DNA may be detrimental for
genetic stability and could potentially contribute to cancer
development.107 It is, therefore, somewhat surprising that
this process occurs in higher eukaryotes. At least upon
first glance, the obvious alternative to adaptation is apopto-
sis, which seems a safer route for a multicellular organism
when replication is incomplete. An apoptotic endpoint
would prevent the accumulation of cells containing poten-
tially cancer-inducing mutations. An argument for adap-
tation in multicellular organisms, however, can be
proposed, and indeed adaptation could be a preliminary
step for initiating cell death. For example, mammalian
cells initially arrested in mitosis with nocodazole eventually
move into G1 where they arrest again in a p53-dependent
manner.108 By analogy, it is perhaps essential that a mam-
malian cell move into or through mitosis in order to
induce apoptosis when replication forks are stalled.
Adaptation could be necessary to convert the stalled fork
into a different type of signal that is better able to induce
death by apoptosis (e.g. DSBs) or to move the cell into
another phase of the cell cycle where apoptosis can occur.
Alternatively, adaptation could lead to death by mitotic cat-
astrophe if the replication blockage is extensive. Less exten-
sive blockage, however, might not be sufficient to cause cell
death, and damaged cells could survive, ultimately leading
to cancer.

Plks in checkpoint recovery

Single-celled organisms can clearly adapt to DNA damage
to override checkpoint arrest. In contrast, multicellular
organisms prefer a less mutagenic strategy that involves
complete repair of damaged DNA prior to cell cycle
resumption; namely, checkpoint recovery. In response to
DNA damage in the G2 phase, activation of the DNA
damage ATM/ATR-Chk2/1-p53 leads to cell cycle arrest
and Plk1 inactivation.51,109 During the recovery from DNA
replication and DNA damage stress, the G2 checkpoint
needs to be silenced. In mammals, this process involves
the degradation of Claspin mediated by the SCFbTrcp ubiqui-
tin ligase following the phosphorylation of Claspin by
Plk1.110 – 112 Plk1 also contributes directly to abolishing the
inhibition of Cdk1/cyclin B through regulation of the phos-
phatase Cdc25B and the kinase Wee1.111,113 While the
destruction of Claspin removes the essential co-activator of
Chk1 (thereby allowing re-accumulation of Cdc25A and
activation of Cdc25B and Cdc25C), degradation of Wee1
eliminates a direct CDK inhibitor. Both processes converge
on activation of the mitosis-promoting cyclin–CDK
complexes.

In a recent study, a combination of bioinformatics and
biochemical approaches was used to identify Plk1 and
Cdk1 targets within the ATM-Chk2 pathway that are
involved in G2 DNA damage checkpoint silencing.114 Plk1
was found to interact and phosphorylate 53BP1 protein
and expression of a 53BP1 mutant that is unable to interact
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with Plk1 prevents checkpoint release and fails to restart cell
cycle after ionzing radiation-mediated cell cycle arrest. Plk1
was also shown to phosphorylate Chk2 to inactivate its
forkhead-associated (FHA) domain and inhibit its kinase
activity in mammalian cells. Thus, a mitotic kinase-
mediated negative feedback loop regulates the ATM-Chk2
branch of the DNA damage signaling network by phos-
phorylating conserved sites in 53BP1 and Chk2 to inactivate
G2 checkpoint signaling and control checkpoint duration.116

Clarification of the mechanism underlying the reactiva-
tion of Plk1 at the time of checkpoint recovery has resolved
a longstanding point of confusion where Plk1 is inactivated
in response to DNA damage and yet is responsible for
recovery from the DNA damage checkpoint. During G2,
Aurora A, in complex with its co-factor hBora, phosphory-
lates Plk1 at Thr-210. Activated Plk1 phosphorylates
Cdc25C and Wee1, which in turn induces activation of
cyclin B-Cdk1 complexes and promotes mitotic entry.
Although Plk1 is activated in G2 both during unperturbed
growth and after recovery from a DNA damage checkpoint,
it is only essential for mitotic entry during checkpoint
recovery.75,115

Checkpoint recovery requires silencing of key checkpoint
proteins, principally the p53 tumor suppressor. Sustained
G2 arrest following DNA damage requires functional
p53.116 How p53 is inactivated during G2 checkpoint recov-
ery, however, is unknown. A recent study by Liu et al.117

identified G2- and S-phase-expressed 1 (GTSE1) protein as
both a negative regulator of p53 and a Plk1 substrate
during the recovery process. The GTSE1 protein is
expressed specifically during G2 and S phases of the cell
cycle, and is localized mainly in the cytoplasm, apparently
associated with microtubules.118,119 This protein is able to
down-regulate p53 by translocating into the nucleus,
binding to and shuttling p53 out of the nucleus and indu-
cing its degradation.120,121 In the later stage of
DNA-damage-induced arrest, GTSE1 starts accumulating
in the nucleus,121 suggesting that it might be involved in
the checkpoint recovery process through down-regulation
of p53. Plk1 phosphorylates GTSE1 at Ser 435 both during
normal cell cycle progression and G2 checkpoint recovery.
As a negative regulator of p53, GTSE1 is essential for elim-
inating active p53 from the nucleus in the later stage of the
recovery process. Thus, the G2 arrest by p53 is relieved,
thereby allowing increased Cdk1/cyclin B activity to
promote mitotic entry. The function of Plk1-mediated phos-
phorylation of GTSE1 is to activate the nuclear import signal
of GTSE1 and promote its nuclear accumulation.
Furthermore, cells expressing the phosphorylation-deficient
mutant GTSE1-S435A failed to enter mitosis after caffeine
treatment, suggesting that phosphorylation of GTSE1 is
required for G2 checkpoint recovery. This finding provides
suggestive evidence that Plk1 facilitates p53 elimination
during the checkpoint recovery process. A similar
p53-mediated inactivation mechanism involving Wip1, the
p53-induced phosphatase, has been described by Medema
and co-workers122 who showed that Wip1 is responsible
for retaining checkpoint recovery competence by counter-
acting p53 function. The role of Plks in checkpoint adap-
tation and checkpoint recovery is summarized in Table 1.

Plks: p53-mediated apoptotic and
antiapoptotic functions

Available evidence indicates that Plk orthologs (Plk1, Plx1,
Plo1, Polo, Cdc5) function differently from Plk paralogs
(Plk2–5 and Plx2, 3) in regulating mammalian cell prolifer-
ation and oncogenesis (reviewed in Strebhardt).39 While the
oncogenic role of Plk1 is well documented, other Plk family
members appear to have tumor suppressor functions.
Overexpression of Plk1 in NIH3T3 cells produces oncogenic
foci and is tumorigenic in nude mice.123 In relation to their
implication in carcinogenesis, there is less known about the
oncogenic or tumor suppressive potential of Plk2, Plk3, Plk4
and Plk5. Recent findings indicate that Plk2 is down-regulated
by promoter hyper-methylation in primary lymphomas and
that its overexpression in B-cells lymphomas leads to apopto-
sis, implying that Plk2 acts as a bona fide tumor suppressor.124

Expression of Plk3 is also diminished in several human tumor
types, which may contribute to the generation of genetic
instability due to its role in DNA damage response.125 The
antineoplastic function of Plk3 is further substantiated by
the observation that Plk3-deficient mice can spontaneously
develop tumors in various organs, including the liver.48

Similarly, it appears that Plk4 has a role of tumor suppressor
in hepatocarcinogenesis, since mice heterozygous for Plk4
spontaneously develop liver and lung tumors.126 A compre-
hensive analysis of Plk proteins in HCC indicates that the
Plks are deregulated in human HCC. The data suggest that
in this disease Plk1 can be oncogenic, while Plk2, Plk3 and
Plk4 behave more like tumor suppressors.127

Consistent with its role in cell survival, Plk1 has been
shown to play an antiapoptotic role, while the other Plk
members promote apoptosis under conditions of stress.
The apoptotic process involves the interaction of Plk1 with
the tumor suppressor protein p53. Depletion of Plk1 by
siRNA depletion or its drug-mediated inactivation stabilizes
p53 and results in cell death. Significantly, there appears to
be reduced amounts of Plk1 in cancer cells with defective
p53. Two independent RNAi studies showed that the loss
of Plk1 function preferentially reduced the survival of cells
with mutant p53.128,129 There are also reports that anaplastic
thyroid carcinoma, which has high frequency of p53
mutation (70–90%) and carries a chromosomal instability
signature, is profoundly sensitive to Plk1 inhibition by
both siRNA knockdown130 and compound-mediated inhi-
bition.131 Interestingly, the Aurora kinase inhibitor VX-680

Table 1 Mechanisms underlying checkpoint adaptation and
checkpoint recovery in different species

Checkpoint adaptation
S. cerevisia; X. levis;

H. sapiens?

Checkpoint recovery

S. Pombe; H. sapiens

Degradation of Claspin Degradation of Claspin

Inactivation of Cdc25B and

Wee1

Regulation of Sae2/CtIP function

Inactivation of Chk2 and 53BP1 Prevention of the phosphorylation of

Mec1/ATR targets (ATRIP, Rad9,

Rad53/Chk2)

Nuclear accumulation of

GTSE1

All these processes are regulated by polo-like kinases
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also preferentially kills cancer cells with compromised p53
function, leading to the proposition that a similar mechan-
ism of weakened pseudo-G1 tetraploidy checkpoint in
p53-defective cells may be operative.132 Aurora A is the
upstream kinase that phosphorylates and activates Plk1.73

Thus, it remains to be determined whether or not the
observed increase in cell death is mediated through Plk1
inhibition. Finally, 133treatment with Nutlin-3a (a small-
molecule inhibitor of MDM2 that activates the p53
pathway) or UV irradiation renders cells that lack wildtype
p53 more sensitive to Plk1 inhibition than cells with wild-
type p53.134

The observation that the kinase domain of Plk1 physically
binds to the DNA-binding domain of p53, thereby inhibit-
ing both the transactivation activity and the
apoptosis-inducing function of p53, provided the first evi-
dence of a direct relationship between Plk1 and p53.134

Other evidence supports the antiapoptotic effect of Plk1.
The topoisomerase-I-binding protein topors, which has
both ubiquitin and SUMO E3 ligase activity, is phosphory-
lated on Ser718 by Plk1.135 – 137 The phosphorylation of
topors by Plk1 inhibits sumoylation of p53 and simul-
taneously enhances the ubiquitinylation and subsequent
degradation of p53. Furthermore, long-term depletion or
inactivation of Plk1 correlates with reduced levels of
MDM2 leading to stabilization and activation of p53.138

Furthermore, the transactivation domain of the transcription
factor p73, another member of the p53 family, is phosphory-
lated by Plk1,139 – 141 and depletion of Plk1 in p53-deficient
cells upregulates p73 and the pro-apoptotic protein
p53AIP1.140 Upregulation of Plk1 reduces p73-mediated
promoter activity of the pro-apoptotic protein BAX,141

suggesting that regulation of p73 function by Plk1 provides
a mechanism to inhibit p53-independent apoptosis. Plk1 is
also overabundant in cells that express E6AP or HPV E7,
with upregulation of Plk1 dependent upon the degradation
of p53.142

Transcription of Plk1 is also dependent upon p53.143 The
p53 protein is both necessary and sufficient to mediate Plk1
inhibition in response to DNA damage through direct
repression of Plk1 expression. There are two distinct sites
within the Plk1 promoter to which p53 binds. The recruit-
ment of p53 to one of these sites is further stimulated by
DNA damage in a manner that is coincident with local
changes in histone deacetylation favoring a closed chroma-
tin structure.143

The role of Plk2 expression in apoptosis has also been
documented. Ectopic expression of Plk2 in Burkitt’s lym-
phoma cells results in apoptotic cell death, which provides
a potential mechanism to explain the strong selective
pressure for loss of Plk2 function in B-cell neoplasia. This
apoptotic effect likely involves p53. The interaction
between Plk2 and p53 has been shown in several instances.
An Affymetrix analysis of gene expression patterns in wild-
type and p53-null animals before and after irradiation ident-
ified a p53-dependent induction of Plk2. Furthermore,
Nutlin-3a upregulates Plk2 in wildtype p53 cells compared
with p53-null cells.144 In other experiments, depletion of
Plk2 with siRNA oligonucleotides in different cell lines
when combined with treatment with spindle poisons

paclitaxel or nocodazole, hypersensitizes the cells and is
associated with a significant increase in apoptosis, similar
to what is observed when p53 is mutant.144 This finding
indicates that a Plk2-controlled mitotic checkpoint may rep-
resent an alternative mechanism by which p53 can prevent
mitotic catastrophe and preserve genome integrity. The
data also suggest the possibility that disruption of Plk2
may be of therapeutic value in sensitizing paclitaxel-
resistant tumors. Similar to Plk1, Plk2 is a transcriptional
target of p53 after genotoxic stress.144

Unlike Plk1, whose overexpression leads to cell transform-
ation,125 Plk3 overexpression leads to cell death by apopto-
sis.41,145 Furthermore, while G2 arrest in response to DNA
damage correlates with the inhibition of Plk1,51 the activity
of Plk3 rapidly increases in an ATM-dependent manner fol-
lowing DNA damage.41 Plk3 physically interacts with p53
and this interaction is enhanced upon DNA damage. An in
vitro kinase assay followed by immunoblot analysis has
shown that p53 serine 20, a Chk2 target site, is also a residue
that is phosphorylated by Plk3 following DNA damage,146

suggesting that Plk3 functionally links DNA damage to cell
cycle arrest and apoptosis via the ATM/p53 pathway.41,47,145

Furthermore, Plk3 gene expression is upregulated in primary
fibroblasts two hours after treatment with ionozing radi-
ation.147,148 The Plk3 gene is a target of p53 as revealed by
several microarray experiments designed to identify p53
target genes that are upregulated in response to various
types of stress.48,149–151 RNAi-based depletion of Plk3, in
cells that were arrested by serum deprivation and then released
by addition of serum, resulted in the failure of cells to enter the
S phase, suggesting that Plk3 is required in G1.49

Similar to Plk2 and Plk3, it is likely that Plk4 functions
within or is a target of DNA damage pathways. This prop-
osition is supported by the observation that Plk4 interacts
with and phosphorylates p53.126,152 Expression of Plk4 is
repressed in a p53-dependent manner in response to DNA
damaging agents. This repression may be mediated
through the recruitment of a histone deacetylase that
represses transcription.153 While total loss of Plk4 is lethal
in mice, mouse embryonic fibroblasts that are heterozygous
at Plk4 display a phenotype typified by multiple centro-
somes, which lead to multipolar spindles, mitotic failure
and delayed proliferation.126

The newly identified member of the Plk family, Plk5
behaves more like Plk2–4 than Plk1. Ectopic expression of
murine Plk5 induces the accumulation of HEK293 and
NIH3T3 cells in G1 followed by cell death by apoptosis.
The Plk5 protein is localized at nucleoli and is induced by
various stress-promoting agents. In contrast to Plk2 and
Plk3, the stress response of Plk5 seems to be independent
of p53.14 Further analysis is needed to better understand
how Plk5 is activated in response to DNA damage and
the downstream targets it regulates in order to induce cell
cycle arrest and apoptosis.

Summary

Beyond the classical mitotic functions of Plks and the emer-
ging roles of the Plk paralogs in DNA damage response,
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Plks play a role in checkpoint activation, checkpoint main-
tenance and checkpoint silencing. Combination of Plk1
up-regulation and Plk2-5 down-regulation may have a
central role in unrestrained cell cycle progression and, con-
sequently, in cell proliferation. Thus therapeutic approaches
aimed at suppressing Plk1 and/or reactivating Plk2–5 genes
might be highly beneficial for the treatment of human
cancers. The role of Plk1 in checkpoint recovery is being
exploited for the design of new therapeutic approaches in
the treatment of cancer as its inhibition induces profound
mitotic delay and apoptosis in several tumor cell lines.
Combination therapies based on conventional spindle
poisons and Plk1 inhibitors may exacerbate this mitotic
delay leading to even more extensive cell death in mitosis.
Similarly, a combination of chemotherapeutics such as cis-
platin or doxorubicin and inhibitors of Plk2–5 may attenu-
ate checkpoint response and affect the repair of damaged
DNA leading to cell death by apoptosis.
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