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Polo-like kinase 1 (Plk1) is a key regulator of mitosis. Aberrant
Plk1 activity is found in tumors, but little is known regarding its
role in the DNA damage response of normal cells and its potential
contribution to the early stages of carcinogenesis. Inappropriate
survival signaling after DNA damage may facilitate clonal expan-
sion of genetically compromised cells, and it is known that protein
tyrosine phosphatase (PTP) inhibitors activate key survival path-
ways. In this study, we employed hexavalent chromium [Cr(VI)],
a well-documented genotoxicant, to investigate the mechanism by
which survival pathway activation could lead to loss of checkpoint
control via a mechanism involving Plk1. We recently reported
that PTP inhibition enhances clonogenic survival and mutagene-
sis after Cr(VI) exposure by overriding Cr-induced growth arrest.
Here, we report that checkpoint bypass, facilitated by PTP
inhibition, was associated with decreased Cdk1 Tyr15 phosphor-
ylation, as well as increased Plk1 activity and nuclear localization.
Plk1 was necessary for increased survival after PTP inhibition
and Cr(VI) exposure in normal human fibroblasts via enhanced
mitotic progression. In addition, pharmacological inhibition of
Plk1 abolished the PTP inhibitor-induced bypass of the G2/M
checkpoint. Notably, Plk1 overexpression increased survival and
mutagenesis after Cr(VI) exposure in wild-type Saccharomyces
cerevisiae. Taken together, our data indicate that Plk1 activation
and nuclear localization are necessary for PTP-regulated mitotic
progression after DNA damage. Our studies highlight a role for
Plk1 in the loss of checkpoint control, increased survival and
mutagenesis after genotoxic exposure in normal cells, which in
turn may lead to genomic instability and carcinogenesis.

Introduction

Dysregulated cell proliferation after genotoxic injury is a hallmark of
the early stages of neoplastic transformation. Maintenance of cell
cycle checkpoints in response to genotoxic stress is critical for the
preservation of genomic integrity (1). It is thought that cell cycle
checkpoint arrest allows sufficient time for surveillance of damaged
DNA and either subsequent repair or activation of terminal growth
arrest and/or apoptotic pathways. Specifically, the G2/M checkpoint
prevents cells with unrepaired DNA damage from entering mitosis
and therefore preserves the genomic integrity of the cell (1,2).

Protein tyrosine phosphorylation plays a central role in maintain-
ing proliferative signals, particularly during neoplastic progression
(3). Protein tyrosine kinases promote cell survival, whereas the
overall effect of protein tyrosine phosphatases (PTPs) is to decrease
cell survival (3,4). Therefore, PTP inhibition promotes activation of
key survival pathways (5). We have reported that maintenance of
protein tyrosine phosphorylation through PTP inhibition was asso-

ciated with increased proliferation, clonogenic survival and muta-
genesis in normal diploid cells after a single exposure to hexavalent
chromium [Cr(VI)], a well-documented human genotoxicant (6).
These findings suggest that regulators of tyrosine phosphorylation
may induce cell cycle checkpoint bypass as an initial event after
genotoxic insult.

Multiple signaling pathways coordinate cell cycle progression and
influence cell survival after DNA damage. Recently, it has been
postulated that Polo-like kinase 1 (Plk1) functions downstream of
receptor tyrosine kinases (7,8). Furthermore, Plk1 activity has been
suggested to be necessary for mitotic progression in cancer cells
after recovery from DNA damage (9,10). Plk1 appears to be a key
regulator of the G2/M checkpoint (9–11), although DNA damage has
been associated with inhibition of Plk1 activity in conjunction with
G2/M arrest (11,12). Similarly, the yeast homolog of Plk1, Cdc5, is
necessary for adaptation in Saccharomyces cerevisiae (13). Like-
wise, it has been proposed that adaptation in osteosarcoma cells after
infrared radiation is partially dependent upon Plk1 (14). Although
Plk1 dysregulation in tumor cells is now well established, the role of
Plk1 in the DNA damage response after genotoxic exposure in nor-
mal cells and its potential contribution to early-stage carcinogenesis
remains relatively unclear.

In light of our recent report that PTP inhibition enhances clono-
genic survival after Cr(VI) exposure (6), we postulated that Plk1 is
involved in the override of genotoxic stress-induced cell cycle arrest
that we observed after PTP inhibition. Studies in our laboratory have
shown that exposure of normal human cells to Cr(VI) was associated
with a prolonged G1/S and G2/M arrest (15). We further identified
Akt1 as a key determinant of G1/S checkpoint bypass (16). However,
Akt1 had no effect on either clonogenic survival or G2/M checkpoint
bypass, and consequent mitotic progression, after Cr(VI) exposure
(6). The objective of the present study was to ascertain the role of
Plk1 in mitotic progression induced by PTP inhibition after Cr(VI)
exposure in normal human lung fibroblasts (HLFs). Moreover, we
determined the necessity of Plk1 for cell survival after genotoxic
stress and PTP inhibition. Our data suggest that Plk1 mediates cell
cycle checkpoint bypass, mitotic progression and enhanced survival
induced by PTP inhibition after Cr(VI) exposure. This PTP inhibitor-
mediated checkpoint bypass is associated with Plk1 activation as well
as with modulation of expression and/or localization of Plk1 and
phospho-Tyr15 Cdk1. Furthermore, Plk1 overexpression in wild-type
(wt) S.cerevisiae enhanced clonogenic survival and mutagenesis
after Cr(VI) exposure. We propose that (i) Plk1 is necessary to bypass
the G2/M checkpoint after DNA damage concurrent with upregulation
of survival signaling through maintenance of tyrosine phosphoryla-
tion and (ii) Plk1 is a key determinant in the bypass of the G2/M
checkpoint after genotoxic stress in normal cells, which can foster
neoplastic progression.

Materials and methods

Cell culture and experimental treatment of cells

HLFs (American Type Culture Collection, Manassas, VA) were maintained and
treated with sodium chromate (Na2CrO4�4H2O) (J.T. Baker, Phillipsburg, NJ) in
the absence or presence of the PTP inhibitor, sodium orthovanadate (SOV,
Na3VO4) (Sigma, St. Louis, MO) as we have described previously (6).
GW843682X [Plk1 inhibitor: 5-(5,6-dimethoxy-1H-benzimidazol-1-yl)-3-[2-
(trifluoromethyl)-benzyl]oxythiophene-2-carboxamide] was a kind gift from
GlaxoSmithKline R&D (Research Triangle Park, NC) (17). Treatment with
GW843682X was for 30 min prior to any other treatment at a final dose of
0.25 lM. Other chemicals were from Fisher Scientific (Pittsburgh, PA) and/or
Sigma, unless indicated otherwise. For all experiments, cells were incubated at
37�C for 24 h prior to treatment.

Abbreviations: ATM, ataxia telangiectasia mutated; HLF, human lung fibro-
blast; PBS, phosphate-buffered saline; Plk1, Polo-like kinase 1; PTP, protein
tyrosine phosphatase; SOV, sodium orthovanadate; wt, wild-type.
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Clonogenic survival

Cells were seeded at 105 per 60 mm dish. Following treatment, cells were
collected by trypsinization, washed and reseeded at 2 � 102 per 60 mm dish
and colonies were stained as described previously (6).

Mitotic index

Mitotic index was determined as described previously (18). Briefly, HLFs
were seeded at 2.5 � 105 per 100 mm dishes, treated with the respective
agents, washed and fixed in 70% ethanol. The cells were then incubated with
an anti-phospho-Ser 10 histone H3 polyclonal antibody (Upstate, Billerica,
MA) and followed by an Alexa 488-conjugated secondary antibody (Invitro-
gen, Carlsbad, CA). Cells were costained with propidium iodide and analyzed
with a FACSort flow cytometer (Becton Dickinson, Franklin Lakes, NJ). The
percentage of cells in the G0/G1, S and G2/M regions as well as those con-
taining phosphorylated histone H3, i.e. undergoing mitosis, was determined
with 10 000 cells.

Immunoblotting

Total protein lysates were extracted and immunoblotting was performed as we
have described previously (16). Antibodies used were as follows: monoclonal
Plk1 antibody (Upstate), polyclonal phospho-Cdk1 (Tyr15) antibody (Cell
Signaling, Danvers, MA) and b-actin (Sigma).

Determination of Plk1 tyrosine phosphorylation

Immunoprecipitation for pan-phosphotyrosine was carried out as described pre-
viously (16), using Catch and Release Phosphotyrosine, clone 4G10 Immunopre-
cipitation Kit (Millipore, Billerica, MA), followed by immunoblotting with anti-
Plk1 antibody (Cell Signaling). Reciprocal immunoprecipitation of Plk1 was
performed as described below and immunoprecipitates were probed for pan-
phosphotyrosine.

Immunoprecipitation and in vitro kinase assay

Immunoprecipitation and in vitro kinase assays were carried out with slight
modifications as described previously by Ha et al. (15). Cells were seeded at
2.4 � 106 cells per 150 mm dishes. Following treatment, cells were harvested
and lysed by sonication in TGN (50 mM Tris (pH 7.5), 50 mM glycerophos-
phate, 150 mM NaCl, 10% glycerol, 1% Tween 20, 1 mM NaF, 1 mM NaVO4,
1 mM phenylmethylsulfonyl fluoride, 2 ug/ml pepstatin A, 5 ug/ml leupeptin,
10 ug/ml aprotinin, and 1 mM dithiothreitol (DTT), containing 1 tablet of
complete mini protease inhibitor (Roche, Switzerland)/10 ml) buffer. Whole-
cell extracts were precleared with protein A-agarose (Calbiochem, Gibbstown,
NJ) and Plk1 was immunoprecipitated with anti-Plk1 monoclonal antibody
and protein A-agarose. Plk1 immunoprecipitates were incubated with 5 lg
a-casein (Sigma) in kinase buffer [20 mM N-2-hydroxyethylpiperazine-N#-
2-ethanesulfonic acid, pH 7.4, 150 mM KCl, 10 mM MgCl2, 1 mM ethyl-
eneglycol-bis(aminoethylether)-tetraacetic acid, 0.5 mM dithiothreitol and 5
mM NaF] with the addition of 10 lM adenosine triphosphate and 4 lCi
[c-32P]adenosine triphosphate for 15 min at 30�C. Reactions were stopped
by addition of sodium dodecyl sulfate loading buffer (100 mM Tris–HCl, pH
6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.2% bromophenol blue, 200
mM dithiothreitol and 11.7% b-mercaptoethanol) and heating for 5 min at
95�C. Proteins were resolved on 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis, transferred onto nitrocellulose membranes and analyzed
by both autoradiography for 32P and immunoblotting for Plk1 after decay of
two half-lives. The relative quantity of immunoreactive and 32P-labeled pro-
teins was determined by densitometry.

Immunofluorescence

Cells were seeded at 1.2–2 � 104 per well in eight-well chamber slides (Nunc
International, Rochester, NY). Following treatment, cells were rinsed with phos-
phate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde, as we have
described previously (16). The cells were permeabilized with 0.1% Triton-X 100
and blocked in a buffer containing 1% bovine serum albumin/1% heat-inactivated
fetal bovine serum. The cells were then incubated with Plk1 antibody, washed
with PBS, reblocked and incubated with goat anti-mouse IgG secondary antibody
conjugated to Alexa 488 (Molecular Probes, Carlsbad, CA). Following incuba-
tion, the cells were washed with PBS, stained with Hoechst nuclear dye (1:1000)
(Molecular Probes) and mounted. The cells were visualized at �63 using a Zeiss
laser scanning microscope with ZEN software (Hercules, CA), at excitation
wavelengths of 488 and 405 nm for anti-Plk1 and Hoechst, respectively.

Transfection

All transfections were performed with the Amaxa nucleofector system as de-
scribed previously (16). Myc-tagged kinase-inactive mutant K82R Plk1 and
constitutively active mutant T210D Plk1 were cloned into a pRcCMV vector
and were a kind gift from Dr Erich Nigg (Max-Planck Institute, Germany).
HLFs were transfected with 1–2 lg wt Plk1, T210D Plk1, K82R Plk1 or vector

control. After 24–48 h, cells were treated with the respective agents and ana-
lyzed. Plasmid expression was confirmed at 24, 48 and 72 h posttransfection.
The average transfection efficiency achieved was between 80 and 90%.

Yeast strains

The yeast strains used were SJR0751 (MATD ade2-101oc his3D200 ura3DNco
lys2DBgl leu2-R), a kind gift of Dr Sue Jinks-Robertson (19). YCplac111-
GAL1-HA-EGFP and YCplac111-GAL1-HA-EGFP-PLK plasmids were a kind
gift from Dr KS Lee (National Cancer Institute, Bethesda, MD). Yeast trans-
formation was carried out by the lithium acetate method. Stock cultures were
stored at �80�C in glycerol-containing YEPD [200 ll 50% glycerol, 700 ll
YEPD (1% yeast extract, 2% Bacto-peptone and 2% glucose) and 100 ll
culture]. Prior to experimental procedures, stock cultures were streaked on
YEPD agar plates and grown for 2–4 days in a 30�C incubator until colonies
were visible. Plates were subsequently stored at 4�C and used for �4 weeks.
Yeasts were maintained on YEP medium (1% yeast extract and 2% Bacto-
peptone) containing 2% glucose, 2% raffinose or 2% galactose (G) (dependent
on plasmid expression as described below) and essential amino acids and
nutrients to select for plasmid maintenance.

Saccharomyces cerevisiae treatment and clonogenic survival

Individual colonies were picked from stock plates and grown in 5 ml YEP-
raffinose in a shaker at 250 r.p.m. for .18 h at 30�C. Overnight cultures
(0.5 ml) were subcultured in 4.0 ml of YEPD or YEP-galactose (YEPG) and
were grown to mid-log phase (�2 � 107 cells/ml) for 2 h. Cultures were then
incubated for 2 h with the indicated concentration of Cr(VI). The 10-fold
increased Cr(VI) concentrations used in the yeast studies are equitoxic to those
used for HLFs. After treatment, cells were collected by centrifugation and
washed with PBS. Approximately 400 cells were plated onto YEPD or YEPG
and allowed to grow for 3 days. Colonies were counted and data were ex-
pressed as percent survival of control (untreated) cultures.

CAN1 mutagenesis assay

Yeasts were grown and treated as described for clonogenic survival. Following
treatment, cells were washed with PBS and counted. Yeasts were then plated
on synthetic complete agar plates minus arginine (SC-arg), but containing
L-canavanine (60 mg/ml), a toxic analogue of arginine. Cultures (1 � 107

cells) were grown on SC-arg plates at 30�C for up to 7 days. In parallel,
�200 cells were grown on normal YEPD or YEPG to account for plating
viability. L-canavanine-resistant colonies were counted �5 to 7 days after
plating. Spontaneous mutation frequencies were determined by the method
of the median. Mutation frequency was determined relative to plating viability.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 4.00 as
described in ref. 16.

Results

Plk1 is required for the PTP inhibitor to enhance clonogenic survival
after Cr(VI) exposure

It is known that Plk1 activity is necessary for mitotic progression
following recovery from DNA damage (9) and that Plk1 silencing
results in growth inhibition and apoptosis in some cancer cells (20).
Moreover, Plk1 activation has been demonstrated downstream of ty-
rosine phosphorylation-regulated pathways (7,8). Therefore, we pos-
tulated that inhibition of Plk1 would abrogate the enhanced
clonogenic survival induced by PTP inhibition after Cr(VI) exposure.
As shown in Figure 1A, Cr(VI) (1 lM) decreased clonogenic survival
of HLFs by 73.5%. However, PTP inhibition with 10 lM SOV
partially reversed Cr(VI)-induced clonogenic lethality and increased
survival (2.1-fold) after Cr(VI) treatment. However, Plk1 inhibition
with GW843682X (17) abrogated the ability of the PTP inhibitor to
increase clonogenic survival after Cr(VI) treatment and restored
Cr(VI) clonogenic lethality to 84.5%. The Plk1 inhibitor had no effect
on clonogenic survival either alone or in the sole presence of Cr(VI).

We have reported the ability of Cr(VI) to induce prolonged cell
cycle arrest for a period of up to 7 days at both G1/S and G2/M
checkpoints (15). We investigated the effect of PTP inhibition on
mitotic progression in response to Cr(VI) exposure (1 lM for 24 h).
G2/M checkpoint function, as reflected by suppression of entry into
mitosis, was measured by flow cytometric assessment of histone H3
Ser 10-phosphorylation, which is selectively phosphorylated during
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Fig. 1. Plk1 is required for the PTP inhibitor to enhance clonogenic survival after Cr(VI) exposure. (A) HLF cells were incubated with either dimethyl sulfoxide
(DMSO) (vehicle) or GW843682X (Plk1 inhibitor) with or without 1 lM Cr(VI) for 24 h in the presence or absence of 10 lM SOV. Cells were washed and
reseeded to allow for colony formation. Colonies were stained with crystal violet and counted 12 days later. The data are expressed as percent of respective control
in the absence of Cr(VI) and are the means þ standard error of four independent experiments. Asterisks indicates a statistically significant difference from the
respective control at P , 0.05. Plus sign indicates a statistically significant difference in the presence versus the absence of SOV after 1 lM Cr(VI) treatment
at P, 0.05. Hash symbol indicates a statistically significant difference in the presence versus the absence of the Plk1 inhibitor after 1 lM Cr(VI) þ SOV treatment
at P, 0.05. (B) HLF cells were coincubated with the indicated agents for 24 h, washed, collected and fixed. Mitotic cells were determined by flow cytometry with
an antibody to phospho-histone H3 (pH3), followed by Alexa 488-conjugated secondary antibody. Contour plots show staining of pH3 as an index of mitosis (FL1-
Height) and propidium iodide fluorescence (FL2-A) as an index of DNA content. The mitotic population is delineated by the elliptical gate. The numbers next
to the mitotic population represent the respective mean of four experiments and are the percentage of mitotic cells within the total population. (C) Graphical
representation of data in Figure 1B. Data are the proportion of mitotic cells after Cr(VI) exposure, expressed as a percentage of that in the non-Cr(VI)-treated
control and are the means ± standard error of four independent experiments. Asterisk indicates a statistically significant difference from the respective control at
P, 0.05. Hash symbol indicates a statistically significant difference between the samples treated with and without SOV at P, 0.05. (D) (i) Immunoprecipitation
(IP) for phosphotyrosine was carried out using Catch and Release Phosphotyrosine, clone 4G10 Immunoprecipitation Kit according to the manufacturer’s
instruction (Millipore). HLFs at 24 h postseeding were treated with 10 lM SOV or medium alone for 1 h and protein lysates were added to the spin column
prepacked with immunoprecipitation capture resin. Then, anti-phosphotyrosine 4G10 antibody or normal mouse IgG was added to the column and incubated at
room temperature for 30 min. A protein lysate from medium-treated cells was used for mouse IgG immunoprecipitation. Proteins were eluted from the column
with a denatured elution buffer followed by immunoblotting (IB) with anti-Plk1 or anti-phosphotyrosine 4G10 antibody. An immunoblot with anti-b-actin
antibody is also shown for equal protein loading for the column input. Data are representative of three independent experiments for phosphotyrosine
immunoprecipitation and the increase in pTyr in the presence of SOV compared with the absence of SOV is statistically significant at P , 0.05. (ii) The Plk1
immunoprecipitation was carried out as described above by utilizing a Catch and Release immunoprecipitation system with anti-rabbit Plk1 antibody (Cell
Signaling). Data are representative of one experiment for Plk1 immunoprecipitation.
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mitosis (21). In control cells, 0.89% of the total cell population un-
derwent mitosis (Figure 1B). Treatment with Cr(VI) blocked mitotic
progression, as evident by a 3.8-fold decrease in the proportion of
cells expressing phosphorylated histone H3 as compared with control
(Figure 1C). In sharp contrast, Cr(VI) treatment in the presence of the
PTP inhibitor did not block mitotic progression. Pretreatment with the
PTP inhibitor increased the number of cells entering M phase by
3.3-fold after Cr(VI) exposure, which was similar to that observed
in the control cells in the absence of Cr(VI) treatment (Figure 1B and
C). PTP inhibition alone had no effect on G2–M transition, as the
number of mitotic cells was comparable with that of control cells. We
have shown previously that pretreatment with the PTP inhibitor
does not alter uptake of Cr(VI) or the level of Cr(VI)-induced DNA
damage (6).

Our data suggested that the enhanced clonogenic survival induced
by PTP inhibition after Cr(VI) exposure is a result of enhanced
mitotic progression. Furthermore, Plk1 was necessary for the PTP
inhibitor-mediated increased clonogenic survival after Cr(VI) expo-
sure (Figure 1A). It has been postulated that Plk1 functions down-
stream of receptor tyrosine kinases and a Plk1 consensus tyrosine
phosphorylation site has been proposed, but not confirmed, at Tyr
217. Therefore, we investigated the ability of the PTP inhibitor to
enhance tyrosine phosphorylation of Plk1. Immunoblots of Plk1
from phosphotyrosine immunoprecipitates showed a significant
2.8-fold increase in tyrosine phosphorylated Plk1 as early as 1 h
after SOV treatment (Figure 1D(i)). Reciprocal immunoprecipita-
tion of Plk1 showed a 1.5-fold increase in tyrosine phosphorylation
(Figure 1D(ii)). There was no change in the level of tyrosine phos-
phorylated Plk1 upon SOV treatment for 24 h (data not shown).

Plk1 is required for the PTP inhibitor-induced mitotic progression
after Cr(VI) exposure

Because Plk1 has been shown to play a central role in the resumption
of the G2/M checkpoint after DNA damage (9,22), we sought to de-
termine whether Plk1 was required for G2/M checkpoint bypass in-
duced by PTP inhibition after Cr(VI) exposure. The Plk1 inhibitor,
GW843682X (17), had no effect either alone or in the presence of the
PTP inhibitor on mitotic progression as measured by histone H3
phosphorylation (Figure 2A and as compared with Figure 1B). Fur-
thermore, GW843682X did not alter the effect of Cr(VI) on mitosis:
cotreatment with the Plk1 inhibitor and Cr(VI) resulted in a 4-fold
decrease in mitotic cells (Figure 2A and B). In contrast, Plk1 inhibi-
tion abrogated the ability of the PTP inhibitor to bypass the Cr(VI)-
induced cell cycle checkpoint. As seen in Figure 2A and B, the 4-fold
decrease in mitotic cells after Cr(VI) exposure, which was reversed by
the PTP inhibitor alone, was maintained in the combined presence of
the PTP inhibitor and the Plk1 inhibitor.

We further confirmed these findings with a genetic approach by using
a Plk1 kinase-inactive mutant, K82R (11,23). Transfection with the
K82R mutant induced a 4.2- to 5.2-fold increase in Plk1 total protein
expression 24–72 h posttransfection, compared with empty vector
alone (supplementary Figure 1A is available atCarcinogenesisOnline).
Moreover, in vitro kinase activity of the K82R mutant was dramatically
decreased when compared with the T210D constitutively active Plk1
mutant (supplementary Figure 1B is available at Carcinogenesis
Online). Consistent with results obtained utilizing the Plk1 inhibitor,
HLFs transiently transfected with K82R were blocked from entering
mitosis after Cr(VI) exposure (Figure 2C and D). Interestingly, expres-
sion of the K82R mutant had no effect on mitotic progression alone.
However, cells expressing the Plk1 kinase-inactive mutant exhibited
a �4-fold decrease in mitotic progression after both PTP inhibition
and Cr(VI) treatment, thus abrogating the effect of the PTP inhibitor
on cell cycle checkpoint bypass. Consistent with previous reports,
overexpression of the constitutively active Plk1 mutant, T210D
(11,24), was sufficient to bypass Cr(VI)-induced cell cycle arrest and
increased the number of cells entering mitosis by 3-fold after Cr(VI)
exposure, compared with vector-transfected HLFs (supplementary
Figure 1C–E is available at Carcinogenesis Online).

PTP inhibition during Cr(VI) exposure is associated with alterations
in Plk1 activity, expression and localization

Since Plk1 was necessary for the PTP inhibitor to promote mitotic
progression and enhance survival after Cr(VI)-induced genotoxic
stress, we studied Plk1 expression and activation (in vitro) after
Cr(VI) exposure in the presence and absence of PTP inhibition.
Plk1 kinase activity, as expressed as the amount of a-casein phosphor-
ylated by Plk1 and normalized to total Plk1 immunoprecipitated, was
unchanged by either treatment with Cr(VI) or in the presence of the
PTP inhibitor alone (Figure 3A). Notably, there was a 3.5-fold in-
duction of Plk1 kinase activity after PTP inhibition and Cr(VI) coex-
posure. This increased kinase activity was attributed specifically to
the activation of Plk1 as no Plk1-immunoreactive protein was present
when preimmune serum was used for immunoprecipitation (supple-
mentary Figure 1B is available at Carcinogenesis Online).

We next examined Plk1 protein expression after Cr(VI) exposure in
HLFs since it has been shown that Plk1 protein expression decreases
in response to DNA damage (25). Indeed, there was a significant de-
crease in Plk1 protein expression after exposure to Cr(VI) for 24 h
(Figure 3B). PTP inhibition alone had no significant effect on Plk1
total protein expression, which was similar to that of the untreated
control. Plk1 protein expression was also decreased after Cr(VI) ex-
posure in the presence of the PTP inhibitor; however, this was signif-
icant only with 3 lM Cr(VI). Since PTP inhibition had no consistently
significant effect on Cr(VI)-induced Plk1 protein expression, we next
investigated Plk1 subcellular localization.

It has been reported that localization of Plk1 from the cytoplasm
to the nucleus is critical for mitotic progression (26). Since Plk1
in vitro kinase activity was increased after PTP inhibition in the
presence of Cr(VI), we examined the subcellular localization of
Plk1 by immunofluorescence in HLFs treated with increasing con-
centrations of Cr(VI) in the presence and absence of PTP inhibition.
As shown in Figure 3C, Plk1 was distributed throughout the nucleus
and cytoplasm in untreated control cells. However, nuclear Plk1
staining was markedly decreased with increasing concentrations
of Cr(VI) [�73% of cells at 1 lM Cr(VI) and 90% at 3 and 6 lM
Cr(VI) displayed decreased nuclear Plk1], indicative of either nu-
clear exit or degradation of Plk1 after Cr(VI) exposure (Figure 3C,
row 1). Indeed, merged images (Figure 3C, row 3) of Hoechst-
stained nuclei (Figure 3C, row 2) with Plk1 staining (Figure 3C,
row 1) show decreased nuclear Plk1 with increasing concentrations
of Cr(VI). HLFs treated with the PTP inhibitor alone showed similar
subcellular distribution of Plk1 to that of the control cells, but
PTP inhibition dramatically altered Plk1 localization in response
to Cr(VI). The presence of the PTP inhibitor reversed the loss
of nuclear Plk1 (Figure 3C, row 4 and row 6), i.e. nuclear localiza-
tion of Plk1 after Cr(VI) exposure was maintained in the presence
of the PTP inhibitor (�87% of the cells exhibited nuclear Plk1
distribution).

PTP inhibition abrogates the Cr(VI)-induced increased phosphorylation
of Cdk1 on Tyr15

Cdk1 phosphorylation status is associated with G2/M progression and
can be regulated by Plk1 after DNA damage (27,28). In response to
DNA damage, the inhibitory phosphorylation of Cdk1 on Tyr15 is
maintained in order to arrest cells at the G2/M checkpoint, and con-
sequently, the dephosphorylation of this residue is a critical step in
mitotic progression (27,28). Since the bypass of the cell cycle check-
point after Cr(VI) exposure and PTP inhibition corresponded to an
increase in Plk1 kinase activity and nuclear localization (Figure 3), we
investigated the phosphorylation status of Cdk1 on Tyr15 under these
conditions. Cr(VI) induced a concentration-dependent increase (1.7-
to 2.5-fold) in the level of Cdk1-Tyr15 phosphorylation (Figure 4).
PTP inhibition alone had no effect on Cdk1-Tyr15 phosphorylation in
the absence of Cr(VI) (data not shown). In sharp contrast, PTP
inhibition significantly abrogated the Cr-induced increase in Cdk1-
Tyr15 phosphorylation.
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Plk1 enhances survival of wt Saccharomyces cerevisiae after Cr(VI)
treatment

Taken together, our data suggest that Plk1 activation is a key de-
terminant for the PTP inhibitor-induced G2/M checkpoint bypass
and enhanced clonogenic survival in normal mammalian cells after
Cr(VI) exposure. Therefore, we investigated if Plk1 activation alone
was sufficient to enhance survival after Cr(VI) exposure. We utilized
wt S.cerevisiae overexpressing mammalian Plk1, which allowed for
stable inducible expression of Plk1 throughout the course of our
studies.
Saccharomyces cerevisiae were stably transformed with plasmids

that expressed human Plk1 under control of the Gal1 promoter (29).
Culturing the yeast in galactose for inducible conditions or dextrose
for non-inducible conditions controlled the expression of these plas-
mids and Plk1 expression was verified by immunoblotting (supple-
mentary Figure 2 is available at Carcinogenesis Online). As can be

seen in Figure 5A, Cr(VI) induced a concentration-dependent
decrease in survival. Moreover, yeast transformed with Plk1, but
grown under non-inducible conditions (dextrose), displayed a similar
sensitivity toward Cr(VI) lethality as wt yeast grown in dextrose.
Yeast transformed with a control vector, and grown under inducible
conditions (galactose), also displayed sensitivity to Cr(VI). In sharp
contrast, yeast transformed with Plk1 under inducible conditions dis-
played increased survival at both 20 mM Cr(VI) (2.5-fold increase
compared with respective control) and 30 mM Cr(VI) (15-fold
increase compared with respective control).

Plk1 expression increases Cr(VI)-induced mutagenesis in wt
Saccharomyces cerevisiae

We postulated that the Plk1-induced increase in survival of wt
S.cerevisiae treated with Cr(VI) was associated with an increase
in Cr(VI)-induced mutagenesis. To test this, control vector and

Fig. 2. Plk1 is required for the PTP inhibitor-induced mitotic progression after Cr(VI) exposure. (A) HLF cells were coincubated with or without the Plk1
inhibitor, GW843682X (GlaxoSmithKline R&D), SOV and Cr(VI) for 24 h, washed, collected and fixed. Mitotic cells were determined by histone H3
phosphorylation as described in the legend of Figure 1 and are the mean of four independent experiments. (B) Quantitative data of above experiment. Data are the
means ± standard error of four independent experiments. Asterisk indicates a statistically significant difference from the respective control at P , 0.05. (C) HLF
cells were transiently transfected with the kinase-inactive K82R mutant. Cells were treated with the respective agents for 24 h at 48 h posttransfection and then
washed, collected and fixed. Mitotic cells were determined as described in the legend of Figure 1 and are representative of one experiment. (D) Quantitative data of
above experiment.
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Fig. 3. PTP inhibition during Cr(VI) exposure is associated with alterations in Plk1 activity, expression and localization. HLF cells were treated with the
respective agents for 24 h, and cellular protein was extracted. (A) Plk1 was immunoprecipitated and used in an in vitro kinase assay with a-casein as a substrate.
Proteins from each reaction were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and Plk1 phosphorylation was detected by 32P
incorporation. Plk1 protein in the immunoprecipitates was analyzed by western blotting. Data are expressed as percentage of control, in the absence of Cr(VI), and
are the means ± standard error of four independent experiments. Asterisk indicates a statistically significant difference from the respective control at P, 0.05. Plus
sign indicates a statistically significant difference between the samples treated with and without SOV at P , 0.05. (B) Total protein was separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis. Plk1 was detected by immunoblotting, and expression was normalized to that of b-actin. Data are expressed as
percentage of control, in the absence of Cr(VI), and are the means ± standard error of four independent experiments. Asterisk indicates a statistically significant
difference from the respective control at P, 0.05. (C) HLF cells were seeded in chamber slides and incubated with the indicated concentrations of Cr(VI) ± SOV.
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Plk1-transformed S.cerevisiae were exposed to increasing concentra-
tions of Cr(VI) and cells were plated on L-canavanine-containing
medium. L-canavanine is a toxic arginine analog that is taken up by
yeast cells through the CAN1 transporter. Consequently, mutations
occurring in the CAN1 gene can lead to L-can resistance. Vector-trans-
formed S.cerevisiae showed no significant increase in mutation fre-
quency after Cr(VI) exposure. In sharp contrast, Plk1-overexpressing
yeast showed a significant increase in Cr-induced mutation frequency
at both 20 and 30 mM (Figure 5B).

Discussion

Activation of survival signaling pathways is critical in the promotion
of cell proliferation and the acquisition of an unrestricted growth
phenotype, which are hallmarks of neoplastic transformation (30).
There is considerable evidence that protein tyrosine phosphorylation
is responsible for the maintenance of proliferative signals involved in
the early stages of neoplasia (3). Studies by us and others have shown
that PTP inhibitors, such as SOV, promote activation of key survival
signaling pathways by increasing tyrosine phosphorylation of a num-
ber of substrates (5,6,16,31,32) We reported that PTP inhibition en-
hances clonogenic survival and Cr(VI)-induced mutation frequency in
normal diploid mammalian cells, through a mechanism involving an
override of Cr(VI)-induced growth arrest (6). Several studies per-
formed in cancer cells have reported that Plk1 is necessary for cell
cycle progression after DNA damage (17,33) and that Plk1 depletion
induces growth inhibition and apoptosis (20). Therefore, we investi-
gated the role of Plk1 as a fundamental regulator of cell cycle pro-
gression and survival after Cr(VI)-induced DNA damage in normal

(i.e. non-transformed and non-cancerous) cells. Our data implicate
Plk1 activity and localization in the early stages of carcinogenesis.

It has been postulated that Plk1 functions downstream of receptor
tyrosine kinases (8). In support of this, the murine Sak serine–threonine
kinase (homologous to the Plk/Polo family members) has been shown
to be tyrosine phosphorylated by Tec (7). It has been suggested that the
kinases Pak1, Ste20-like kinase, Stk10 and protein kinase A can

Cells were fixed and stained with Plk1 antibody followed by Alexa 488-conjugated fluorochrome. Cells were then stained with Hoechst nuclear dye and visualized
at �63 using a Zeiss laser scanning microscope with ZEN software, at excitation wavelengths of 488 and 405 nm for anti-Plk1 and Hoechst, respectively.
Data represented in Results are the average of three independent experiments where at least 40 cells per experimental condition were scored per experiment.
Images are representative of one independent experiment. Row 1: anti-Plk1 in the presence of Cr(VI); row 2: corresponding Hoechst staining of cells in row 1;
row 3: merged images of row 1 and 2; row 4: anti-Plk1 in the presence of Cr(VI) and SOV; row 5: corresponding Hoechst staining of cells in row 4; row 6:
merged images of rows 4 and 5.

Fig. 4. PTP inhibition decreases phosphorylation of Tyr15 on Cdk1.
(A) HLF cells were treated with the respective agents for 24 h, and cellular
protein was extracted. Total protein was separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. Cdk1 tyr15p was detected by
immunoblotting, and expression was normalized to that of b-actin. Data are
expressed as percentage of control, in the absence of Cr(VI), and are the
means ± standard error of three independent experiments. Asterisk indicates
a statistically significant difference from the respective control at P , 0.05.
Cap symbol indicates a difference from the respective control at P5 0.0827.
Plus sign indicates a statistically significant difference in the presence versus
the absence of SOV at P , 0.05.

Fig. 5. Plk1 enhances survival of wt Saccharomyces cerevisiae after Cr(VI)
treatment. (A) Transformed yeasts were grown in YEP-raffinose to start
culture (�24 to 48 h) and then cultured overnight in YEPG or YEPD. Cells
were then subcultured in fresh YEPD (no Plk1 expression) or YEPG (Plk1
expression) to mid-log phase growth (�2 � 107 cells/ml). Cultures were
incubated for 2 h with the indicated concentration of Cr(VI). After treatment,
�400 cells were plated onto YEPD or YEPG plates and allowed to grow for
3 days. Colonies were counted and data were expressed as percent survival of
control (untreated) cultures. Data are the mean þ standard error of three
independent experiments. Asterisk indicates statistically significant
difference from the respective control at P , 0.05. Plus sign indicates
a significant difference between yeast expressing Plk1 and not expressing
Plk1 at the specified concentration of Cr(VI) at P , 0.05. (B) Yeast
transformants (wt-vector and wt-Plk1) were grown in YEP-raffinose to start
culture (�24 to 48 h) and then cultured overnight in YEPG. Cells were
then subcultured in fresh YEPG to mid-log phase growth (�2 � 107

cells/ml). Cultures were incubated for 2 h with the indicated concentration of
Cr(VI). Following treatment, yeasts were washed, counted and plated on
synthetic complete agar minus arginine (SC-arg), but containing
L-canavanine (60 mg/ml), a toxic analogue of arginine, and were grown at
30�C for 7 days. In parallel, �200 cells were grown on normal YEPG to
account for plating viability. L-canavanine-resistant colonies were counted
and mutation frequency was determined relative to plating viability.
Spontaneous mutation frequencies were determined by the method of the
median. Data are mean ± standard error of three independent experiments.
Asterisk indicates statistically significant difference from the respective
untreated control at P , 0.05. Plus sign indicates a significant difference
between yeast expressing Plk1 and not expressing Plk1 at the specified
concentration of Cr(VI) at P , 0.05.
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phosphorylate the kinase domain of Plk1 on Thr210, Ser137 and Ser49
(24,34,35). However, the identity of upstream tyrosine kinases in the
regulation of human Plk1 activity remains to be determined. Masuda
et al. (8) demonstrated that STI571, which selectively inhibited the
tyrosine kinase activity of Bcr–Abl, reduced the kinase activity of
Plk1 in K562 myelogenous leukemia cells, suggesting that tyrosine
kinases may be located upstream of signaling cascades that regulate
Plk1 activity. Consistent with this, our data suggest an increase in Plk1
tyrosine phosphorylation after treatment with the PTP inhibitor. Fur-
thermore, our data indicate a necessity for PTP-regulated signaling
pathways in Plk1 activation and nuclear localization, as well as mitotic
progression after DNA damage. The identification of tyrosine phos-
phorylation-regulated pathways upstream of Plk1 is a subject of ongo-
ing investigation in our laboratory.

The current investigation highlights a potential PTP inhibitor-
induced G2/M checkpoint bypass by Plk1 after genotoxic Cr(VI) ex-
posure. We show that PTP inhibition is associated with an increase in
Plk1 activity. It is known that Plk1 in vitro and in vivo activity de-
creases after DNA damage induced by ultraviolet, infrared radiation
and adriamycin (11,12,36). The decreased Plk1 activity may be cell
type-specific and/or context dependent on the basal activation state
since we do not observe a decrease in Plk1 kinase activity with Cr(VI)
treatment. Interestingly, we found a significant increase in Plk1 in vitro
kinase activity in the combined presence of the PTP inhibitor and
Cr(VI), under conditions in which a marked change in Plk1 localiza-
tion, as well as a significant decrease in Cdk1-Tyr15p was observed.
Therefore, increased Plk1 activity is involved in the PTP inhibitor-
induced mitotic progression after Cr(VI) exposure.

The nuclear localization of Plk1 is necessary for mitotic progres-
sion (26,37). Plk1 accumulates in both nucleus and cytoplasm during
S and G2 phases of the cell cycle and the nuclear translocation of
Plk1 is regulated by a nuclear localization signal sequence (26).
Disruption of the Plk1 nuclear localization signal sequence results
in a G2/M arrest (26), indicating the importance of Plk1 nuclear
localization for mitotic progression. Our data are consistent with
this report in that Plk1 is absent from the nucleus after Cr(VI) ex-
posure. Moreover, PTP inhibition relocates Plk1 to the nucleus in the
presence of Cr(VI). Therefore, our data support the concept that Plk1
nuclear localization is required for the enhanced G2–M transition
induced by PTP inhibition.

Entry into mitosis is dependent on Cdk1 activation (38). In response
to DNA damage, the inhibitory phosphorylation of Cdk1 on Tyr15 is
maintained in order to arrest cells at the G2/M checkpoint, and con-
sequently, the dephosphorylation of this residue is a critical step in
mitotic progression (27,28). To provide further insight into the cell
cycle arrest induced by Cr(VI) and the bypass of this checkpoint by
PTP inhibition, we investigated the phosphorylation status of Cdk1 on
Tyr15. After Cr(VI) exposure, we observe an increase in Cdk1-Tyr15
phosphorylation (Figure 3), which is indicative of Cdk1 inhibition and
G2/M cell cycle arrest. Interestingly, our data indicate a decrease in
Cdk1 Tyr 15 phosphorylation after PTP inhibition and Cr(VI) treat-
ment, consistent with mitotic progression.

We investigated the necessity of Plk1 in PTP-regulated survival
signaling using both pharmacological and genetic approaches in
normal human cells. We utilized the Plk1 inhibitor, GW843682X,
which is at least 100-fold selective for Plk1 against other non-Plk
kinases tested, as described by Lansing et al. (17). This inhibitor has
been reported to inhibit Plk3; however, Plk3 was not detected in the
HLFs used in the present study (data not shown). We observed that
Plk1 inhibition with GW843682X had no effect on normal cell cycle
progression in keeping with other reports (17,33). However,
GW843682X abrogated the ability of PTP inhibition to bypass the
G2/M checkpoint after Cr(VI) exposure. These results were confirmed
by transient transfection of HLFs with the Plk1 kinase-inactive mu-
tant, K82R, suggesting the necessity of Plk1 in the PTP inhibitor-
induced bypass of the G2/M checkpoint after Cr(VI) exposure. Taken
together, our data highlight an association between protein tyrosine
phosphorylation-mediated survival signaling and Plk1 after DNA
damage.

The PTP inhibitor-induced bypass of the G2/M checkpoint was
not related to a difference in Cr-DNA binding, as PTP inhibition had
no effect on either Cr uptake or Cr-DNA adduct levels (6). However,
Cr(VI) is a complex genotoxicant and we cannot rule out the possi-
bility that PTP inhibition may alter the ratio and/or repair of specific
lesions generated by this DNA-damaging agent. Cr-induced replica-
tion arrest is directly caused by Cr binding to DNA (39,40).
For instance, Cr(VI) reduction leads to Cr-monoadducts to both
DNA bases and sugar-phosphate backbone, strand breaks, oxidized
bases, DNA–protein cross-links, abasic sites, Asc-Cr(VI) adducts
and DNA–Cr–DNA interstrand cross-links (39). We and others have
identified the role of ataxia telangiectasia mutated (ATM) and the
excision repair pathways in repair of Cr-induced DNA lesions
(15,18). Therefore, it remains possible that the effect of PTP inhi-
bition on the Cr-induced G2/M checkpoint may be related to activa-
tion of DNA damage response/repair pathways. Consistent with this,
recent studies suggest a requirement for Plx1 (Xenopus Plk1 ortho-
logue) in DNA replication after stalled replication forks by suppress-
ing the ATM/ATM and Rad3-related-dependent intra-S-phase
checkpoint (41). Of note, ATM is required for Cr(VI)-induced ter-
minal growth arrest, whereas Plk1 is inhibited by DNA damage that
is dependent on ATM/ATM and Rad3-related (36). Consequently, it
is plausible that PTP inhibition (through Plk1 activation), or Plk1
overexpression, facilitates bypass of the intra-S-phase checkpoint
after Cr(VI) exposure. However, in our studies, Cr(VI) induced an
intra-S-phase checkpoint only at concentrations that are much high-
er than those employed in the present study (42). Our ongoing stud-
ies are focused on investigating the potential role of Plk1 in the
fidelity of DNA repair mechanisms after DNA damage.

The expression of the constitutively active Plk1 (T210D) mutant
was sufficient to bypass the DNA damage checkpoint after 24 h
Cr(VI) exposure in non-synchronized, normal diploid human cells.
Furthermore, Plk1 may function as a prosurvival trigger mechanism in
S.cerevisiae, which further confirms the necessity of Plk1 activation in
mitotic progression after DNA damage induced by Cr(VI). These data
are consistent with the finding that expression of constitutively active
Plk1 in osteosarcoma cells resulted in a partial rescue of the G2 block
after nocodazole release following adriamycin treatment (11). How-
ever, our data are the first to show that Plk1 activation is sufficient for
normal human cells to enter mitosis after DNA damage as well as
enhance survival and mutagenesis in wt S.cerevisiae. Interestingly,
HLFs transiently transfected with the T210D mutant did not exhibit
enhanced clonogenic survival after Cr(VI) treatment (data not shown).
Taken together, these data suggest the potential need for prolonged
Plk1 activation to affect survival after genotoxic stress.

The dysregulation of cell cycle checkpoints after DNA damage
could result in genomic instability and progression toward neoplastic
transformation. Indeed, aberrant Plk1 activity is found in a variety of
tumors, but little is known regarding the role of Plk1 in early stages of
the DNA damage response in normal diploid cells and its contribution
to carcinogenesis. Our data show that inappropriate activation of Plk1
through upregulation of tyrosine phosphorylation-dependent survival
signaling in normal cells facilitates mitotic progression and survival
after genotoxic exposure and contributes to genomic instability and
mutagenesis. These studies provide new insight into the potential for
increased mutagenesis as a result of the loss of checkpoint control by
maintenance of tyrosine phosphorylation and highlight a potential role
of Plk1 in early-stage neoplastic progression after genotoxic stress.
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