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INTRODUCTION

Prostate cancer is the most common malignancy and the second leading cause of cancer
death among men in the Western world. However, our understanding of the genetic events
associated with the pathogenesis of this disease has lagged behind that for other common tumors.
This knowledge deficit has contributed to the lack of development of new tereatment strategies
for prostate cancer. Several key oncogenes such as Ras, and tumor suppressor genes such as RB,
P33, appear to be only infrequently mutated or deregulated in prostate cancer (1;2). Rather,
prostate tumorigenesis appears to be promoted by the loss of as yet unknown genes (1;3;4). The
high frequency of 8p12-21 loss in prostate carcinomas, combined with preliminary evidence of
functional tumor suppression mediated by this chromosomal region, indicates that a gene (genes)
located at or near 8p21 plays an essential role in the development of prostate cancer (3;4). The
identification and characterization of these genes are thus essential for our understanding of the
development of this important disease. :

Several years ago, the PI’s laboratory identified and characterized the human gene PLK3
(alternatively named PRK/FNK) (5), which encodes a serine-threonine kinase (6). PLK3 protein
shares sequence homology with Sacchromyces cerevisiaze CDC5 and Drosophila melanoganster
Polo, both of which have been implicated in regulation of the G2/M transition and M phase
progression (7). Indeed, human PLK3 is capable of complementation of a temperature sensitive
CDCS5 mutant of the budding yeast (6), suggesting that PLK3 also regulates M phase function.
Northern blot analysis of specimens from 18 individuals with lung cancer revealed that PLK3
mRNA is less abundant in tumor tissues than in normal tissues (5). Indeed, ectopic expression of
'PLK3 reduces proliferation rate of transformed cells (8). Furthermore, in collaboration with a
commercial partner, we observed several years ago that PLK3 gene was localized to human
chromosome 8p21 (8), a locus known to harbor prostate tumor susceptibility genes (3;4).

- HYPOTHESIS AND OBJECCTIVES. On the basis of the observations that the PLK3
gene is down-regulated or mutated in certain prostate tumor cell lines, as well as other tumors
(5;8;9), we hypothesize that PLK3 is a tumor suppressor gene whose inactivation is an important
event in the development of prostate cancer. We have proposed to characterize the genetic and
epigenetic basis of aberrant PLK3 transcripts detected in prostate cancer, their prevalence and
possible clinical relevance, to test the functional ability of PLK3 as a tumor suppressor gene, and

to investigate the physiologic function of PLK3 by identification of proteins that interact with
PLK3. ' ~ '

BODY

Taskl.  To investigate the genetic and epigenetic basis of aberrant PLK3 transcripts
detected, their prevalence, and possible clinical relevance in prostate cancer

A. Isolation of PLK3 genomic clone. Through a combination of genomic library

screening and polymerase chain reaction (PCR), we have isolated and characterized
PLK3 genomic locus. There are 14 exons with sizes from 84 bp to 199 bp. The
sequences of exon 1 to intron 2 are highly GC rich. The results of these studies have
published (10) (also refer to the attached abstract of the paper).

B. Analysis of prostate cancer genomic DNA. As a first step to link PLK3 to the tumor
suppressor gene, we sought for functional inactivation of PLK3 in various tumor cell




Task I1.

lines. Total RNA was extracted, a first strand cDNA was synthesized, and used to
amply the entire coding region of PLK3 by PCR using high-Fidelity polymerase. The
reaction products were cloned and sequenced. A thorough analysis of genomic DNA
from LNCaP, LACP9AD and PO7 did not confirm the mutations as originally
detected in PLK3 transcripts.

Development of immunohistological analysis of the PLK3 protein. We have
developed several lines of monoclonal antibodies against PLK3. Their specificity
was determined based on Westem blot, immunoprecipitation, and
immunofluorescence microscopic analyses as described (6;1 1-13). Furthermore, we
explored the immunohistochemical analysis of prostate carcinoma specimens. We
have developed a reliable method for analysis of PLK3 antigen via
immunohistochemistry. PLK3 is primarily expressed in cytoplasm of prostate
epithelial cells (Fig. 1A). However, poorly differentiated tissues contain no
detectable levels of PLK3 antigen. As a control for PLK3 staining, a part of
moderately differentiated tissues was also shown (Fig. 1B, lower right). '
Alleotype analysis. During the course of our studies, we realized that our early report
on the chromosomal localization of PLK3 gene was not correct (8). This is mainly
due to the mistake by our contractor (SeeDNA Biotech Inc., Ontario, Canada) that did -
the FISH analysis for us. About a year ago, we confirmed, through BLAST search of
databases of human genome, that PLK3 gene is localized to 1p34 where loss of
heterozygosity has been also detected in many types of cancer (14-16). However, this
locus is not known for a hot spot of prostate cancer. Nonetheless, we have modified
the objective by studying regulation of PLK3 expression in prostatic carcinoma cell
lines given that PLK3 expression is inducible by a variety of mitogens (5). LNCaP
(androgen responsive) cells were treated with the synthetic androgen R1881 (1 nM)
for various times, after which they were collected for isolation of total RNA. The
abundance of PLK3 mRNA, as well as B-actin mRNA as a loading control, was
analyzed by Northern hybridization. We observed that PLK3 mRNA was inducible
by androgen analog (Figure 2), suggesting that PLK3 gene may. be involved in
regulation of prostate (normal and pathological) development.

- To test the functional ability of PLK3 as a tumor suppressor gene

Transfection of PLK3 into prostate cancer cells identified in Task I We have .
obtained several PLK3 expression constructs (wild-type as well as kinase-defective
ones). These expression constructs were transiently transfected into GMO00637
(fibroblast), A549 (lung carcinoma), LNCaP (prostatic carcinoma), HT29 (colorectal
carcinoma), HeLa (cervical carcinoma), and melanoma cell lines. Attempts were also
made to transfect inducible PLK3 expression constructs into INCaP cells and the
experiment was not successful.

Analysis of transfectants. We have reported that transfection of PLK3 into §br0blast

cells or lung carcinoma cells resulted in a decrease in cell proliferation and apoptosis
(8). The effect of PLK3 on induction of apoptosis was also confirmed in LNCaP
(date not shown) and several other carcinoma cell lines as revealed by independent

approaches such as DNA fragmentation, PARP and micronuclei analysis (9;11;13)




Task II1.

and morphological observations (data not shown). Our studies strongly suggest that
PLK3 plays an important role in negative regulation of cell proliferation.

To test the proteins translated from aberrant PLK3 transcripts in assays for PLK3
function. We have analyzed the effect of PLK3 mutants (PLK3K52R, P LK3K52R'K57R,
PLKSIGZR'K”R'K&R) on cell death. We have observed that the kinase activity of PLK3
is necessary for apoptosis as well some other biological effects associated with PLK3
protein (11;13) (unpublished data).

Rescue CDCS mutant yeast. We previously reported that human PLK3 was capable
of rescuing yeast CDC5 mutant (6), suggesting the functional conservation of PLK3.
Because we developed many simple assays (e.g., cell proliferation and cell death) for
studying the biological function of PLK3 we have used these methods/approaches
other than complementation of yeast mutants as originally proposed for the study of
PLK3.

Germinal vesicle breakdown in Xenopus oocytes. Due to the same reason as

described in D, we did not use this cumbersome approach to analyze PLK3’s
function.

To investigate the physiologic function of PLK3 by the identification of

A-D.

proteins which interacts with PLK3

Study of proteins interacting with PLK3 using yeast two-hybrid system. We first
generated plasmids that were essential for the study of proteins interacting with PLK3
via yeast two hybrid systems (detailed descriptions were as described (17;18)). We
have successfully identified several proteins that are implicated in regulating or
mediating the function of PLK3 during cell cycle progression or DNA damage
checkpoint control. Please refer to the attached paper (preprint) for candidate
proteins that are associated with PLK3 in yeast two-hybrid assay (17). Using other
biochemical approaches (e.g., pull-down and coimmunoprecipitation) we have
confirmed that Chk2, a protein kinase important for DNA damage checkpoint
response, physically interacts with PLK3 and the interaction is enhanced after DNA
damage (17). Our further studies indicate that PLK3 may be downstream of Chk2
and that PLK3 is an important mediator in DNA damage response pathway (17).

Other approaches. We have also identified proteins that are potential in vivo targets
of PLK3 and they are p53 and Cdc25C (13;19). Moreover, we have demonstrated
that PIk3 may regulate the stability of microtubule during the cell cycle. Results of
these studies have been published (see attached reprints). Our studies have defined a
new component in the DNA damage and stress response pathways (12;13). We
believe that the results of these studies will increase the understanding of the
molecular basis of PLK3 function during normal and malignant cell growth and that
they will facilitate the identification of new molecular targets for cancer intervention.

KEY RESEARCH ACCOI\B’LiSEMENTS




. We have fully characterized the PLK3 gene by delineation of intro-exon
boundary. . :

. We have demonstrated that PLK3 expression is down-regulated in many types
of malignancies including some human prostatic carcinomas.

. We have shown that P1k3 is activated upon genotoxic stresses and it is a
mediator in the DNA damage checkpoint response pathway.

o PIk3 protein interacts with and phosphorylates Cdc25C and p53 in vitro and it
may target these cell cycle regulators (or checkpoint components) in vivo.

. We have observed that ectopic expression of Plk3 results in cell death in a
variety of cells.

. Plk3-induced cell death may be due to disruption of microtubule structures of
cells.

. P1k3 localizes to the centrosomal region and it may regulate the microtubule
organization center.

REPORTABLE OUTCOME

1. J. Wiest, AM Clark, W Dai. Intron/exon organization of Prk/Plk3 gene and its
polymorphisms in lung carcinoma-derived cell lines. Genes, Chromosomes & Cancer 2001
32:384-389. . ~ .

2. S8-Q Xie, Q Wang, H-Y Wy, Lu L, M. Jhanwar-Uniya,] W Dai. Reactive oxygen species
induces phosphorylation of p53 on serine-20 is mediated at least in part by P1k3. J. Biol.
Chem. 2001 276:36194-36201. ’

3. S-Q Xie, H-Y Wu, Q Wang, J Cogswell, I Husain, C Conn, PJ Stambrook, M Jhanwar-

Uniyal, W Dai. p53 as a target of PIk3 during activation of the DNA damage checkpoint. J.
Biol. Chem. 2001 276:43305-43311. '

4. Dai W, Liu TY, Qi Wang Q, Rao CV, and Reddy BS. Down regulation of PIk3 gene
expression in rat colon tumors. Inzl. J. Oncology 2002 20:121-126. ,

5. Q Wang, S-Q Xie, J Chen, Z Darzynkiewcz, F Traganos, M Jhanwar-Uniyal, W Dai. Cell
cycle arrest and apoptosis induced by human polo-like kinase 3 is partly mediated through

- perturbation of microtubule integrity. Mol. Cell. Biol. 2002 22:3450-3459 ;

6. Xie S-Q WH- Qi Wang, Jan Kunicki, Raymond O. Thomas, Robert E. Hollingsworth, John
Cogswell and Wei Dai Genotoxic stress-induced activation of PLK3 is partly mediated by
Chk2. Cell Cycle 1(6) 2002. '

CONCLUSIONS

We have made significant progress during the past two years in the understanding of the
mode of action of PLK3 in regulating cell proliferation. PLK3 is an important cellular regulator,
monitoring the checkpoint integrity. It has multiple functions controlling the cell cycle
- progression by regulating the activities of p53 and Cdc25C. Although available evidence shows
that PLK3 may not be a prostate cancer susceptibility gene as originally thought, PLK3 does
have the characteristics of a tamor suppressor gene as proposed for the short arm of chromosome
1. Therefore, the knowledge obtained so far should provide important insights into the molecular
basis of the pathogenesis of many common malignancies.
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new surgery Polo-like kinase 3 (Pk3, altermnatively termed Prk) is involved in the regulation of DNA damage checkpoint as well as

biol ‘ in M-phase function. PIk3 physically interacts with p53 and phosphorylates this tumor suppressor protein on serine-
cancer biology 20, suggesting that the role of PIk3 in cell cycle progression is mediated, at least in part, through direct regulation of

Abstract

and therapy p53. Here we show that PIk3 is rapidly activated by reactive oxygen species in normal diploid fibroblast cells (wi-

cell evele 38), correlating with a subsequent increase in p53 protein level. Plk3 physically interacts with Chk2 and the
24 . interaction is enhanced upon DNA damage. In addition, Chk2 immunoprecipitated from cell lysates of Daudi (which

medical spectator expressed little Plk3) is capable of stimulating the kinase activity of purified recombinant PIk3 in vitro, and this

stimulation is more pronounced when Plk3 is supplemented with Chk2 immunoprecipitated from Daudi after DNA
intestine damage. Furthermore, ectopic_expression Chk2 activates cellular PIk3. Together, our studies suggest Chk2 may
. mediate direct activation of PIk3 in response to genotoxic stresses.

organ design

stem cells and INTRODUCTION

regenerative )

medicine Mammalian cells contain at least three proteins (Pik1, Plk2, and Pik3) that exhibit marked sequence homology to

immunoinformatics Pa[ef“. As cells progress }hrc_sugh the cell cycle, Pik proteins undergo substqntiai changes fn abundgs}ce, kinase

activity, or subcellular Jocalization. In human cells, the amounts of Plk1 protein and of its kinase activity peak at
mitosis 2, During mitosis, Plk1 transiently associates with mitotic structures such as the spindle apparatus,
kinetochores, and centrosomes 5. Recent studies have shown that Plk1 contributes to a variety of mitotic (and
meiotic) events, including phosphorylation of cyclin B and Cdc25C, activation of cyclin B—Cdc2 (CDK1),
cenfrosome maturation, formation of the bipolar spindle at the onset of mitosis, and cytokinesis 78, Pik1 also

controls the exit of cells from mitosis by regulation of the anaphase-promoting complex and proteasomal activity
9,10

graft
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PIk3, originally cloned and characterized in our laboratory, shows distinct biological functions. The abundance of
Plk3 remains relatively constant, as compared with that of Pik1, during the cell cycle and its kinase activity peaks

during late S and G, phases . Pik3 phosphorylates Cdc25C on serine-216 12, phosphorylation of which is thought
to inhibit the activity of this protein phosphatase whereas phosphorylation of Cdc25C by Pix1, a Xenopus Plk1
ortholog, results in activation of this protein 2. In addition, the amount of PIk3 mRNA, but not that of Plk1 mRNA, is
rapidly and transiently increased in response to mitogenic stimulation 4,

In response to DNA damage, the kinase activity of PIk3 was rapidly increased in fumor, or transformed, cell lines in
an ATM-dependent manner 1415, Peptide mapping as well as in vitro phosphorylation followed by immunoblot
analysis with antibodies specific for phosphorylated forms of p53 indicated that PIk3 phosphorylates p53 on
physiologically relevant sites 14, Immunoprecipitation and "pull-down” assays show that PIk3 physically interacts

with p53 and that the extent of this interaction is increased in response to. DNA damage 4. These results suggest
that Pik3 functionally links DNA damage to the induction of cell cycle arrest or apoptosis.

The signaling pathways that underlie the cellular response to DNA damage (genotoxic stress) consist of sensors,
signal transducers, and effectors 16, Although the identities of the damage sensors remain unknown, the molecular
entities responsible for transducing the damage signals to specific effectors are relatively well characterized. ATM
(mutated in ataxia telangiectasia) and its homolog ATR {ATM-related) function early in the signaling pathways and
are central to the DNA damage response 8. Downstream targets (substrates) of ATM and ATR include the protein
kinases Chk1 and Chk2, 17719, effector molecules that execute the DNA damage response include p53 and

Cdc25C. ATM and ATR, together with Chk2 and Chk1, respectively, are thought to mediate the specific cellular
responses to different types of DNA damage in mammalian cells.

Polo family kinases also participate in the response to DNA damage 1820, Cdes promotes adaptation to cell cycle
arrest at the DNA damage checkpoint in Saccharomyces cerevisiae 21, The slectrophoretic mobility of Cdc5 in
denaturing gels is affected by prior subjection of cells to DNA damage, and this modification is dependent on Mec1,
Rad53 (a yeast Chk1 homolog), and Rad9 20, in addition, a functionally defective Cdc5 mutant protein suppresses a
Rad53 checkpoint defect, whereas overexpression of Cdc5 overrides checkpoint-induced cell cycle arrest 18,
suggesting that Cdc5 acts downstream of Rad53. Moreover, DNA damage appears to interfere with the activation of
Pik1 in mammalian cells, resulting in down-regulation of the kinase activity of this protein 18, Here we report that

Plk3 is activated in normal diploid fibroblast cells after exposure o reactive oxygen species and that genotoxic
stress-induced Pik3 activation appears to be partly mediated by Chk2.

MATERIALS AND METHODS
Celf lines.

WI-38 (normal diploid fibroblast), A549 (lung carcinoma) and Daudi (lymphoblastic leukemia) cells were purchased
from ATCC. GMO00637 cell fine {transformed human fibroblast} was originally obtained from the Coriell Institute for
Medical Research. Cells were cultured in culture dishes in appropriate media supplemented with 10% fetal bovine
serum and antibiotics (100 mg/mi penicillin and 50 mg/mt streptomyein sulfate) with 5% {302.

Yeast two-hybrid assays.

Yeast two-hybrid analysis was performed as described previously 22, The PLK3 gene was subcloned into the
EcoR1-Xhol sites of the two-hybrid bait vector pMW101, and this bait was used to screen prey libraries derived from
fetal brain, fetal liver, testis, macrophage, and prostate fissues. Expression of the bait was verified by western

blotting. Interactions were confirmed and determined to be specific by repeat yeast two-hybrid analysis testing baits
against preys directly,

Puli-down éssays and immunoblotting.

WI-38 cells treated with H,0, {200 m M) for various times were collected and lysed in a lysis buffer as described 1.

-Equal amounts of protein lysates were analyzed by SDS-polyacrylamide gel electrophoresis followed by
immunoblotting with antibodies to p53 as described in 14. For pull-down assays, recombinant His-Plk3 expressed

with the use of baculoviral expression system as described (12) was affinity-purified with and subsequently
' conjugated o NiZ*-NTA resin. Plk3-conjugagted Ni2*-NTA resin or the resin alone was incubated for 3 hours with
lysates (1 mg §f protein) of A549 cells that had been infected with null adenovirus or Chk2 adenovirus for 16 hours
and. treated with or without adriamycin for 1 hour. After washing of the resin, bound proteins were eluted and
subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis with antibodies to Chk2 or p53. The

signals were detected with horse-radish peroxidase-conjugated goat secondary antibodies and enhanced
chemiluminescence reagents.

12/11/2002
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Immunoprecipitation.

A549 or GM00637 cell lysates (~2 mq of protein) were incubated for 30 min at room temperature in 2 total volume of
500 m [ with of 20 m 1 of protein A/G—agarose bead siurry (Santa Cruz Biotech). After removal of the beads, the
supernatant was supplemented with either with PIk3 immunoglobulin (IgG) or a control IgG (against Tyro-3),
followed by incubation for an additional 2 h at room temperature. Protein A/G—agarose beads {20 m 1) were then
added to each immunoprecipitation mixture and the incubation was continued for 1 h at room’ temperature.

Immunoprecipitates were collected by centrifugation, washed three times with the cell lysis buffer, and subjected to
immunoblot analysis with the antibody to Chk2.

Immunocomplex kinase assays.

Immunocomplex kinase assays were performed essentially as described 4. In brief, cells were treated with H,0,
(2&0 m M) for various times, lysed, and subjected to immunoprecipitation with antibodies to Plk3. The resulting
precipitates were resuspended in a kinase buffer [10 mM Hepes-NaOH (pH 7.4), 10 m M MnCl,, 5 mM Mgczz; 25m
M ATP], and the kinase reaction was initiated by the addition of [g -*2PJATP (2 m Ci}y (Amersham) and a -casein
(Sigma). After incubation for 30 min at 37° C, the reaction mixtures were analyzed by SDS-PAGE and
autoradiography. Recombinant Hisg-Plk3 was also assayed for kinase activity as controls. Each assay was
at least once.

RESULTS

We have p{evid&sly shown that GM00837 and A549 cells exposed to genotoxic stresses contained activated Pik3
15, We have also obtained evidence indicating that Plk3 may directly regulate p53 by phosphorylation upon

activation of DNA damage checkpoint in these cell lines . However, GM0O0B37 cells have acquired an unlimited life
span (immortalized) by SV40 virus and A549 cells were derived from a human lung carcinoma. It is known that p53

is deregulated in the presence of SV40 viral antigen or due to oncogenic transformation 23, Therefore, we further
investigated whether the activation of PIk3 also occurs in normal diploid cells. WI-38 {normal diploid fibrablast) cells

treated with H,0, for various-times were analyzed for the kinase activity of PIk3, as well as Plk1. We observed that
there exited in the cells a basal level of Plk3 activity, which was rapidly activated after H,0, treatment, reaching
plateau about ten minutes of treatment. In contrast, Plk1, sharing significant structural homology with PIK3 4, was
not activated by H,0,,. We then analyzed p53 activation by measuring its protein level in cells treated with H,0, for
various times. WI-38 cells contained a low level of p53. After Hzoz treatment, the p53 level steadily increased. By 4
hours of treatment, p53 protein levels increased by approximately 8 folds. The observations that Plk3 activation
followed by an increase in p53 levels in WI-38 cells treated with H,0,, are consistent with our model as described

previously 14, proposing that p53 is downstream of PIk3 and that it may be a direct in vivo target of PIk3 during DNA
damage response.

. WXL 1P Pik3 3R
B seieaitmanay. [
2 4 3 & ¥ o8 % 3

Figure 1. Activation of PIk3 in normat diploid fibroblast celis by 8202,
A, WI-38 cells were treated with Hgsi}z for 0, 10, 30 or 60 minutes. An

equal amount of cell lysates (0.5 mg) from various treatments was
subjected to immunoprecipitation using antibodies against Plk3 or
Plk1. Pik3 or Plk1 immunaprecipitates were analyzed for kinase
activities using casein as substrate. Recombinant Plk1 (lane 1) was
used as a positive control and the kinase reaction supplemented with
Plk1 but no casein (lane 2) was used as a negative control for the
kinase assay. B, Quantification of Plk1 and Pk3 kinase activities as
shown in A,
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Figure 2. Activation of p53 in normal diploid fibroblast cells by H0,. A,
WI-38 cells were treated with HZO2 for 0.5, 1, 2, or 4 hours. Cell lysates

were prepared after treatment and equal amounts of cell lysates were
- blotted for p53 expression. B, The same blot as shown A was stained as
& loading control. €, Quantification of p53 levels as shown in A.
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To identify potential upstream regulators andfor new substrates of Pk3, we then employed yeast two-hybrid assay
system to screen candidate proteins that physically interacted with this kinase. Among the approximately 30
interactors recovered upen yeast two-hybrid screening with Plk3, one was identical to the C-terminal half of Pikt
{arnino acids 363-603), two contained overiapping portions of Chk2, one was a portion of ribonucleotide reductase
M2, two comprised the catalytic subunit of protein phosphatase 1 alpha, and one comprised a portion of Tensin2
{Table 1). In addition, we found that a protein of unknown function, KIAA1784 {GenPep Q9BJP1), interacted with
Plk3. The observation that Chk2 was among the candidate proteins interacting with PIk3 prompted us to study
whether these two proteins were physically associated with each other in mammalian cells. Co-immunoprecipitation
shows (Fig. 3A) that whereas control IgGs failed to bring down any Chk2 antigen Plk3 antibody precipitated Chk2
protein from both GM00637 and A548 cell lysates. Furthermore, pull-down assays revealed {Fig. 3B) that Pk3 resin,
but not the control resin, was capable of precipitating ectopically expressed Chk2, indicating a true interaction
between Pk3 and Chk2. Moreover, this interaction was enhanced after freatment ‘with adriamycin (Fig. 3B), a
radiomimetic drug causing DNA strand break. PIk3 was unable to puli-down significant amounts of endogenous
Chk2 because it is low in these cells and because a small amount (250 m g) of cell lysates (2 mg for Co-IP) was
used for the assay. Given that both Pk3 and Chk2 are reported to interact with and phosphorylate p53 416, we
examined whether the observed interaction between Chk2 and PIk3 is direct or via p53. The same blot as shown in
Fig. 3B was stripped and biotted for p53. it was shown (Fig. 3C) that PIk3 resin did not precipitate detectable
amounts of p53 from non-infected A548 cells. On the other hand, Pk3 brought down a significant amount of p53 in
cells infected with either null or Chk2 adenovirus, indicating that viral infection alone induced an interaction between
Plk3 and p53. However, Pik3 showed no enhanced interaction with p53 after adriamycin treatment. These combined
observations suggest that the interaction between PIk3 and Chk2 is largely p53-independent.

"TABLE 1. Proteins that interact with PIk3 in yeast two-hybrid screening assays 1
L ‘ J[;} of Clones “Name j
IKnswn function Tf ) ” l

B chi2

| |
Ribonucleotide reductase R2 J
|
|
|
|

._.__..._
b

—
—

I 2 ‘HPmtein phosphatase 1o
_|[Tensin2

lUnknown‘ function jL ﬂ
[ -

[

|[k1aA1784 (GenPep QoBIP1)

Figure 3. Chk2 interacts with PIk3. A, A549 (A) or GM00637 (G) cell lysates were’
immunoprecipitated with the antibody to Plk3 or to Tyro-3 as a negative control (CNTL).
The immunoprecipitates were blotted for Chk2. Arrows indicate the positions of Chk2 and




‘Cell Cycle ©2002 Landes Bioscience ' Page 5 of 8

immunoglobulins (IgGs). B, A549 cells were infected with recombinant adenovirus
expressing Chk2 or with null adenovirus. One day after infection, the cell lysates werfe
prepared and an equal amount of the protein lysates, along with the lysates from
noninfected cells, were incubated with NiZ*-NTA resin conjugated with Pik3. NiZ*-NTA
resin incubated with uninfected (U1) cell lysates were used as a control. After washing,
proteins interacting with PIk3 or control resin were eluted and subjected to immunoblotiing
analysis for Chk2. €. The same biot as shown in B was stripped and reprobed with an
antibody to p53.
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To investigate whether Chk2 directly regulates PIk3 kinase activity we supplemented PIk3 kinase reaction mixtures
with Chk2 immunoprecipitated from Daudi celfs treated with or without adriamycin. Daudi cells were selected
because these cells do not contain detectable levels of PIk3 protein 4. Figure 4 shows that kinase-active PIk3
(PIk3-A), but not kinase-defective one (Pk3K52R), significantly phosphorylated a-casein in vitro. Whereas Chk2
alone did not phosphorylate a -casein, it stimulated Pik3 kinase activity in vitro. The stimulation was more
pronounced after addition of Chk2 immunoprecipitated from adriamycin-treated Daudi cells. In addition, Chk2
immunoprecipitated from either untreated or adriamycin-treated cells did not stimulate the kinase activity of

Pik3KeR,
L I
Ns:?y L L e
Mrismywin. « - 8 - > 4 - -~ 4
Lol R
e A R A
123456782 Figure 4. Chk2 activates PIk3 kinase activity in vitro. A, Chk2
‘& immunoprecipitated from Daudi cells treated with or without adriamycin
was analyzed for kinase activities toward a-casein. Additional Chk2
immunojirecipitates from an equal amount of Daudi cell lysates were
s ® ey added to the kinase reaction mixture containing PIk3-A or PIk3K52R,
Y ow § After kinase reaction, the mixtures were fractionated on SDS-PAGE
B ¥ §' 4 followed by autoradiography. B, Quantification of the kinase activities
§§ = as shown in A, v
k]
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To further determine whether Chk2 regulated PIk3 kinase activity in vivo we analyzed the activity of PIk3 directly
immunoprecipitated from A549 cells infected with either Chk2 adenovirus or null aderovirus. Compared with that of
non-infected cells, null adenovirus infection did not cause a significant change in PIk3 kinase activity. However, PIk3 -
activity was greatly stimulated after infection with Chk2 adenovirus, supporting the notion that Chk2 may be
upstream of PIk3 by activating PIk3 in vivo during response to certain genotoxic stresses.
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Figure 5. Chk2 activates PKk3 in vivo. A, A549 cells were infected with
either null or Chk2 adenovirus. One day after infection, cell lysates
were immunoprecipitated with the antibody to PIk3. Pk3
immunoprecipitates were directly assayed for kinase activities toward
a-casein. B, Western blot analysis for Chk2 expression in uninfected
cells or cells infected with null or Chk2 adenovirus. C, Quantification of
kinase activity as shown in A
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DISCUSSION

Plk3 and p53 are rapidly activated in normal diploid fibroblast cells after H202 treatment. This is consistent with our
-previous report that DNA damage caused by adriamycin or UV activates Plk3 as well as p53 in tumor cells or

transformed fibroblast celis 4. Thus, our studies establish that PIk3 is an important physiological player in response
to a variety of genotoxic stresses. We have previously proposed that Pik3, a component in the DNA damage
checkpoint response pathway, regulates both cycle arrest and apoptosis 4. In the presence of DNA damage
signals, cell cycle progression is halted to aliow the cell time for repair. if the extent of DNA damage is beyond
repair, cells commit suicide by activation of apoptosis, a process that is iikely mediated by PIk3 as well as p53. The
existing evidence suggests that Plk3 may regulate cell cycle arrest and apoptosis through direct targeting Cde25C
and p53, respectively 1214, i

Given that PIk3 activation is ATM-dependent (15), Chk2, also downstream of ATM, may control Plk3 kinase activity
or vice versa during DNA damage checkpoint activation. The observations that both Chk2 and Pik3 phosphorylate
p53 on serine-20 in vitro lead us to propose that Pk3 may reinforce the DNA damage checkpoint ¥, which is
otherwise primarily regulated by Chk2 and Chk1 6, Because Pik3 strongly interacts with serine-20-phosphorylated
p53 ™, we have also proposed that p53 phosphorylated on serine-20 by Chk2 would interact to PIk3 with high
affinity, resulting in phosphorylation of p53 on additional sites. This is supported by our observation that Plk3
phosphorylates p53 on at least two major sites 4, The latter scenario would place Pik3 downstream of Chk2 in the
DNA damage checkpoint pathway. Our current studies support the possible regulatory hierarchy of Chk2 and PIk3.
(i) Chk2 protein stimulates PIk3 kinase activity in vitro and the stimulation of PIk3 is more pronounced when
activated Chk2 is supplemented to the kinase reaction. (i) Ectopic expression of Chk2 results in activation of PIk3.

However, at this moment one could not efiminate the possibility that Pk3 may phosphorylate Chk2 and thus
regulate its activity upon DNA damage.

We have previously shown that Plk3 interacts with p53 and the interaction is enhanced after DNA damage in
GMO00637 celis 14, Different from GMO00637 cells, A549 cells contain z low leve! of p53 (data not shown), which may
explain why we were unable to detect 3 constitutive interaction between Pik3 and p53 (Fig. 3C). However, upon
adenovirus infection the interaction between PIk3 and p53 is apparent, which is mostly likely due to stabilization of
p53 and thus elevated p53 levels in virus-infected cells. Interestingly, adriamycin treatment did not enhance the
interaction between Pk3 and P53 in adenovirus-infected cells. The affinity between PIk3 and Chk2 is relatively low
because Plk3-only pulls down a significant amount of Chk2 in cells with ectopically expressed Chk2 (Fig. 3B). The
fact that adriamycin is capable of stimulating the interaction between PIk3 and Chk2 but not between Pk3 and p53
indicates that the interaction between PIk3 and Chk2 is independent of p53.

We have recently demonstrated that Pik3 is localized to the centrosomal region of the cell and that it may participate
in the regulation of microtubule dynamics as well as duplication of centrosome, the major microtubule organization
center 24, Proteins that participate in DNA repair or the DNA damage checkpoint also contribute to regulation of
microtubule or centrosome function. For example, p53 exhibits centrosomal localization and deregulated expression
of p53 or its mutations contributes to centrosome amplification 2527, the common subcellualr localization of which
may account for our observed physical interaction between PIk3 and p53. In addition, ribonuclectide reductase R2
{small subunit} is involved in the DNA damage checkpoint response 28, it forms active ribonucleotide reductase in
vivo with R1 (large subunit), the latter of which is also an activator of microtubule nucleation 29, Interestingly, yeast
fwo-hybrid assays show that the small subunit of ribonucleotide reductase interacts with Plk3 (Table 1). it is
tempting to speculate that centrosome duplication needs to be tightly coordinated with genome replication. DNA
damage-induced cell cycle arrest or apoptosis should also result in 2 halt in centrosome duplication and maturation.

Therefore, Pik3 may be an important component that controls centrosomal function in response to various genotoxic
stresses.

A loss of checkpoint function frequently results in infidelity of inheritance of genetic information, and thereby
predisposes cells to genetic instability and neoplastic transformation. Consistent with this, deregulated expression of

Pik3 is reported in carcinomas of lung and headfheck 430, in addition, Pik3 expression is significantly down-
regulated in carcinogen-induced rat intestinal tumors 31, Furthermore, the human Pik3 gene (PLK3) is localized to
the short arm of chromosome 1 {1p34), a region that displays loss of heterozygosity or homozygous deletions in

_many types of cancers and which has been praposed to harbor tumor susceptibility genes 32-34, Thus, elucidation of
the mode of action of Plk3 may provide the basis for our understanding of the development of cancer as well
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3 Is Mediated through Perturbation of Microtubule Integrity

Qi Wang," Suging Xie,' Jie Chen,” Kenji Fukasawa,? Ulhas Naik,* Frank Traganos,
Zbigniew Darzynkiewicz,' Meena Jhanwar-Uniyal,? and Wei Dai'*

Department of Medicine and Brander Cancer Research Institute, New York Medical College,* and American Health Foundation,?

Valhalla, New York 10595; Department of Cell Biology, University of Cincinnati College of Medicine, Cincinnati,
Ohio 45269°; and Department of Biological Sciences, University of Delaware, Newark, Delaware 19716*

Received 31 July 2001/Returned for modification 7 October 2001/Accepted 5 February 2002

Human Polo-like kinase 3 (PIk3, previously termed Prk or Fnk) is involved in regulation of cell cycle
progression through the M phase (B. Ouyang, H. Pan, L. Lu, J. Li, P. Stambrook, B. Li, and W, Dai, J. Biol.
Chem. 272:28646-28651, 1997). Here we report that in most interphase cells endogenous Pik3 was predomi-
nantly localized around the nuclear membrane. Double labeling with Pik3 and -tubulin, the latter a major
component of pericentriole materials, revealed that PIk3 was closely associated with centrosomes and that its
localization to centrosomes was dependent on the integrity of microtubules. Throughout mitosis, PIk3 appeared
to be localized to mitotic apparatus such as spindle poles and mitotic spindles. During telophase, a significant
amount of PIk3 was also detected in the midbody. Ectopic expression of PIk3 mutants dramatically changed cell
morphology primarily due to their effects on microtubule dynamics. Expression of a constitutively active PIk3
(P1k3-A) resuited in rapid cell shrinkage, which led to formation of cells with an elongated, unsevered, and
taxol-sensitive midbody. In contrast, cells expressing a kinase-defective PIk3 (PIk3*52®) mutant exhibited
extended, deformed cytoplasmic structures, the phenotype of which was somewhat refractory to taxol treat-
ment. Expression of both PIk3-A and PIk3*?® induced apparent G,/M arrest followed by apoptosis, although
the kinase-defective mutant was less effective. Taken together, our studies strongly suggest that PIk3 plays an
important role in the regulation of microtubule dynamics and centrosomal function in the cell and that

deregulated expression of PIk3 results in cell cycle arrest and apoptosis.

Members of the Polo family of protein kinases, conserved
through evolution, have been described in yeast {15}, Caeno-
rhabditis elegans (25), Drosophila melanogaster (8), Xenopus
laevis (16} mouse (7, 27), and human (12, 18). The founding
member of this family, Polo, was originally identified in the
fruit fly and was shown to be a serine-threonine kinase that is
required for mitosis (8). Mutations in the Polo gene result in
abnormal mitotic and meiotic division (10). The kinase activity
of Polo peaks cyclically at anaphase-telophase, and the protein
also undergoes translocations during the cell cycle progression
(9). Whereas it is located predominantly in the cytoplasm dur-
ing interphase, at M phase it becomes associated with con-
densed chromosomes and other components of the mitotic
apparatus, including centrosomes, kinetochores, and the spin-
die midzone (9). In addition to the conserved kinase domain,
Polo family proteins all share a short amino acid sequence
termed the Polo box (18). Mutations in the Polo box of the Plk
homologue in budding yeast {Cdc5) that do not affect kinase
activity abolish the ability of this protein to complement func-
tionally temperature-sensitive mutants of budding yeast (30),
suggesting that the Polo box is essential for its biological ac-
tivity.

Mammalian cells contain at least three Polo family proteins
(human Polo-like kinase 1 [Pikl], Plk2, and Pik3) that exhibit
marked sequence homology to Drosophila Polo (7, 13, 18, 27).

* Corresponding author. Mailing address: Department of Medicine,
New York Medical College, 4 Skyline Dr., Hawthorne, NY 10532,
Phone: (914) 347-7452. Fax: {914) 345-2860. E-mail: wei_dai@nymc
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As cells progress through the cell cycle, Pik proteins undergo
substantial changes in abundance, kinase activity, or subcellu-
lar localization. In human cells, the levels of Pik1 protein and
its kinase activity peak at mitosis (13). During mitosis, Piki
transiently associates with mitotic structures such as the spin-
dles, kinetochores, and centrosomes (1, 11). Recent studies
have shown that Plkl contributes to a variety of mitotic {or
meiotic) events, including activation of cyclin B-Cdc2 (CDK1),
breakdown of the nuclear membrane, centrosome maturation,
and formation of the bipolar spindle at the onset of mitosis (4,
22, 26).

PIk3, originally cloned and characterized in our laboratory,
appears to function differently from Plkl. The abundance of
PIk3 remains relatively constant during the cell cycle, and its
kinase activity peaks during late § and G, phases (24). Fur-
thermore, P1k3 phosphorylates Cdc25C on serine-2186, result-
ing in inhibition of the activity of this protein (23), whereas
phosphorylation of cyclin B by Plk1 results in its translocation
from the cytosol to the nucleus, thus activating Cde2 kinase
(31). In addition, the amount of PIk3 mRNA but not of Pikl
mRNA is rapidly and transiently increased in response to mi-
togenic stimulation (18). PIk2 (also known as Snk) was origi-
nally identified as the product of an immediate-carly gene and
is less characterized than are PIk1 and PIk3. Recent studies
have shown that both Snk and Fnk associate with CIB, a
calmodulin-related protein {(14). Both Snk and Fnk have been
implicated in long-term synaptic plasticity and thus may per-
form postmitotic functions (14).

The present study was designed to reveal the subcellular
localization of Pik3 during the cell cycle, describe its potential
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role in regulating microtubule dynamics and the microtubule
organization center (MTOC), and evaluate its role in the main-

tenance of cell morphology, viability, and malignant transfor-
mation. :

MATERIALS AND METHODS

Cell culfure and treatment. The GMO00637 cell line (human fibroblast) was
originally obtained from the Coriell Institute for Medical Research. AS49 (lung
carcinoma), Hela (cervical carcinoma), Daudi (lymphoblastic leukemia), HEL
(erythroleukemia), HL-60 {(myelogenous leukemia), PC-3 (prostate carcinoma),
LNCaP (prostate carcinoma), and DU145 (prostate carcinoma) cell lines were
obtained from the American Type Culture Collection. Cells were cultured in
‘culture dishes or on Lab-Tek II chamber slides (Fisher Scientific} in appropriate
media supplemented with 10% fetal bovine serum and antibiotics (100 ug of
penicillin and 50 pg of streptomycin sulfate per ml} with 5% CO,. For some
experiments, A549 cells at about 80% confluence were treated with a low tem-
perature {4°C) for 5 min or taxol {5 pM) for 4 h before analysis (unless specified
otherwise).

Transfection. A549 cells were transfected, using the Lipofectamine method,
with pCR259~PIk3-A, pCR259-PIk3%°7%, or the empty vector (GIBCO/Tavitro-
gen). The constitutively active PI3 cDNA was as described previously (18). The
PIk3%%R was obtained by replacing the conserved Iysine-52 residue with argi-
nine; the resulting protein was kinase defective (23).

Immunoblotting and pull-down assays. Cultured cells were lysed as deseribed
earlier (24). Equal amounts (50 pg} of protein lysates and purified PIk1 and PIk3
were analyzed by sodium dodecy! sulfate-polyacrylamide gel electrophoresis fol-
lowed by immunoblotting with antibodies to human PIk3 (Pharmingen [23]),
BUBRI, a-tubulin (Sigma), PIk1 (Zymed), or cyclin B (DAKO). Recombinant
Hisg-PIk3 expressed with the use of 2 baculoviral expression system as described
earlier (23 was affinity purified with and subsequently conjugated to Ni-nitrilo-
triacetic acid resin (Qiagen). Flag-tagged Pkl was a gift from John Cogswell
(GlaxoSmithKline). Specific signals were detected with horseradish peroxidase-
conjugated goat secondary antibodies (Sigma) and enhanced chemiluminescence
reagents {Amersham Pharmacia Biotech).

Fluorescence microscopy. Localization of PIk3 was determined by double
immunofluorescence analysis of a centrosomal marker. Cells were quickly
washed with phosphate-buffered saline (PBS) and fixed in methanol for 5 min at
room temperature. Fixed cells were treated with 0.1% Triton X-100 in PBS for
5 min and were then washed three times with ice-cold PBS. After blocking with
2.0% bovine serum albumin (BSA) in PBS for 15 min on ice, cells were incubated
for 1 k with mouse monoclonal PIk3 immunoglobulin G (IgG, 4 pg/ml) andfor
rabbit anti-y-tubulin IgG (T3559, 1:250 dilution; Sigma) in 2% BSA solution,
washed with PBS, and then incubated with rhodamine red X-conjugated anti-
mouse IgGs and/or fluorescein isothiocyanate-conjugated anti-rabbit IgGs (Jack-
son JmmunoResearch) at 4°C for 1 h in the dark. Cells were finally stained with
4',6'-diamidino-2-phenytindole {DAPI) (1 pg/ml; Fluka) for 5 min. Fluorescence
microscopy was performed on a Nikon microscope, and images were captured
using a digital camera (Optronics) using Optronics MagFire and Image-Pro Plus
softwares.

Flow cytometry. A549 cells transfected with or without PIk3 mutants for 14 h
were analyzed for cell cycle stage and apoptosis. Briefly, cells were fixed with
methanol, treated with Triton X-100 {0.25% in PBS) for 5 min, washed with PBS
with 1% BSA, and incubated for 1 h with (or without as a control) an antibody
to a caspase-cleaved poly(ADP-ribose) polymerase fragment (PARP p85) (Pro-
mega). Cells were rinsed with PBS and then incubated with a second antibody
conjugated with fluorescein isothiocyanate for 1 b, rinsed with PBS containing
1% BSA, and stained with DAPI (1 pg/ml). The fluorescence of cells processed
for flow cytometry was measured by the ELITE.ESP cytometericell sorter

{Coulter) as described previously (19). Each experiment was repeated at least
three times.

RESULTS

Although early experiments have shown that our PIk3 anti-
body does not cross-react with Pkl (32), we further deter-
mined the specificity of the P1k3 antibody via Western blotting.
Two sets of purified recombinant Plk1 and Plk3 samples, as
well as A549 cell lysates, were blotted with antibodies to Pkl
and PIk3, respectively. Figure 1 shows that neither Plk1 (Fig.
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FIG. 1. Pik3 antibody did not recognize Pikl. (A) Purified recom-
binant His-Plk3-A (lanes 1 and 2) and Flag-Plkl (lane 3), as well as
A549 cell lysates (lane 4), were blotted with the anti-PIk3 antibody.
Recombinant PIk3 migrated faster than the cellular form because of a
short deletion at the amino terminus (20). (B) A duplicate blot as
shown in panel A was blotted for Plki. Recombinant Pkl migrated
slightly more slowly than the cellular form because of an addition of
the Flag tag. (C and D) Protein lysates (50 pg/lane) from AS549,
DAMI, Daudi, DU145, GM00637, HEL, HeLa, LNCaP, and PC-3
were blotted with the PIk3 antibody (C) or BUBR! antibody (D).

1A} nor PIk3 (Fig. 1B) antibody cross-reacted with cach other.
To further test the antibody, we examined expression of PIk3 in
various cell lines via Western blotting, Figure 1C showed that
the Pik3 antibody detected a single antigen that migrated at the
position predicted for full-length P1k3. No additional promi-
nent band(s) was detected by the antibody in these cell lines,
indicating that our PIk3 antibody did not cross-react with PIk1.
As a loading control, the same blot was stripped and reprobed
with an antibody to BUBR1 (Fig. 1D), a spindle checkpoint
gene product.

In an attempt to identify potential physiological targets of
PIk3, we examined the subcellular localization of PIk3 in cul-
tured cell lines via indirect immunofluorescence microscopy.
We detected (Fig. 2A) strong Plk3-specific staining as spots
around the nuclear membrane of A549 cells, although diffuse,
much weaker staining was also detected in the cytoplasm. Pe-
rinuclear, condensed spots were detected in over 90% of the
cells. When the spot was detected in cells, those cells usually
contained one spot (69%). This PIk3 subcellular localization
pattern was also observed in the other two cell lines (GM00637
and HeLa), indicating a common cellular function associated
with PIk3 subcellular localization. Double-labeling experi-
ments using an antibody to y-tubulin, a major component of
pericentriole materials, showed that PIk3 localized around cen-
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FIG. 2. Plk3 colocalized with centrosomes. (A) A549, GM00637, and HeLa cells cultured on chamber slides were incubated with an antibody
to PIk3, and DNA was stained with DAPI. PIk3 signals were detected by indirect immunofluorescence microscopy. (B) A549 and GM00637 cells
were double stained with antibodies to PIk3 (red) and y-tubulin (green), a centrosome-specific marker. (C) A549 cells were double stained with
antibodies to Plk3 (red) and a-tubulin (green). (D) A549 cells were triple stained with Plk3 (red), a-tubulin (green), and DAPI (blue). Specific
signals were detected by confocal microscopy. Arrowheads indicate the Jocation of MTOCs.

trosomes in both A549 and GM00637 cells (Fig. 2B). However,
the distribution of Plk3 staining was slightly more diffuse than
that of y-tubulin, The same colocalization of Plk3 with centro-
somes was observed in several other cell lines, including HeLa
cells (data not shown). Double staining using an antibody to
a-tubulin confirmed that Plk3 was tightly associated with
MTOC (Fig. 2C and D, arrowheads).

Interestingly, the expression of Plk3 in some cells was more
extended and diffuse than were the discrete spots as described
above (Fig. 3A). A close examination revealed that these cells
contained duplicated centrosomes as shown by -y-tubulin stain-
ing (Fig. 3A, arrowheads). PIk3 thus appeared to migrate with
the duplicated centrosomes. During prophase, a significant
amount of Plk3 was detected around spindle pole regions (Fig.
3B). As mitosis progressed, PIk3 colocalized with mitotic spin-
dles during metaphase. By telophase, concentrated Plk3 was
found at the midbody region as well as at spindle poles (Fig.
3B). It should be noted that low levels of PIk3 were also
detected in the other regions of the cell during telophase.

Subcellular localization patterns suggest that Plk3 may be

involved in regulating the activity of MOTC and/or microtu-
bule dynamics. To determine whether disruption of Pik3 func-
tion would affect microtubule integrity and cell viability, we
transfected A549 cells with a plasmid construct expressing con-
stitutively active PIk3 (P1k3-A) (23). As a control, a kinase-
defective P1k3 mutant (P1k3%°2®) expression construct was also
transfected. Twenty hours posttransfection, cclls were first an-
alyzed for expression of transfected Plk3 mutants. Figure 4A
shows that both PIk3%°*R and PIk3-A were expressed at similar
levels (Fig. 4A, lanes 3 and 4, arrowhead Plk3-Mutant). The
transfected PIk3 mutant proteins were highly expressed com-
pared with the endogenous PIk3 (arrow Plk3). The faster mo-
bility of transfected Plk3 mutant proteins was due to a short
deletion at the amino terminus (18). Fluorescence microscopy
revealed (Fig. 4B) that a significant fraction (about 20%) of the
transfected cells expressed high levels of Plk3-A or PIk3%*2R,
Cells expressing PIk3-A appeared shrunken and spherical (Fig.
4B and Table 1). On the other hand, most cells expressing
PIk3%*?R remained attached, exhibiting a variety of extended,
irregular shapes. Endogenous Plk3 signals were usually over-



L)

Vor. 22, 2002 Plk3’s ROLE IN MICROTUBULE DYNAMICS 3453

P1k3 r-Tub DAPI

G1

G2

» .
wn

Plk3  a-Tub DAPI
. . -
. . N

B
. . o
. . o

FIG. 3. PIk3’s association with centrosomes/spindle poles was dependent on cell cycle status. {A) A549 cells were stained with antibodies to PIk3
(red) and y-tubulin (z-tubulin} {green). Various cell cycle stages were determined by DNA staining, as well as the number and position of
centrosomes (arrowheads) in the cells. G, phase with unduplicated centrosome; § phase with duplicated centrosomes; G, phase with duplicated
and physically separated centrosomes and with intact nuclear membrane. (B} A549 cells were stained with antibodies to PIk3 (red) or a-tubulin
{a-Tub) (green). Cells of various mitotic stages as shown by the DNA staining were presented.

whelmed by the strong signals of ectopically expressed Plk3 Frequently, two cells that expressed PIk3-A were found to-
mutant proteins, although sometimes bright dots of endoge- gether often attached to each other (Fig. 5A). In fact, over
nous Plk3 at MTOC could also be recorded along with ectopi- 80% of the cells expressing PIk3-A either formed doublets or
cally expressed PIk3-A during imaging (Fig. 4C). were near each other (Table 2). Occasionally, four Plk3-A-
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FIG. 4. Ectopic expression of PIk3 mutants, (A) Protein lysates from the cells transfected for 20 h with PIk3-A (lane 3) and PIk3***R (lane 4)
expression constructs, as well as the vector (lane 2), were blotted for PIk3. Protein lysates from untransfected cells were also used as a control (lane
1). The endogenous (arrowhead P1k3) protein and transfected (arrowhead Plk3-Mutant) Plk3 mutant protein are shown. (B) A549 cells transfected
with Plk3-A or Plk3 ¥52R were stained with the PIk3 antibody (red) and DAPI (blue). (C) A549 cells transfected with Plk3-A were stained with
antibodies to Plk3 (red) and a-tubulin (green). DNA was stained with DAPI (blue). Besides six cells expressing high levels of transfected Plk3-A,
the endogenous Plk3 concentrated at the centrosomal regions was also seen.

expressing cells were stuck together (Fig. 5B). These cells were
spherical and loosely attached to the culture plates and resem-
bled mitotic cells. Double-labeling experiments with an anti-
body to a-tubulin revealed that these cells were connected by
an elongated and unsevered midbody (Fig. SA, arrowheads),
suggesting that they were incapable of completion of cytoki-
nesis. The apparent defect in cytokinesis of those Plk3-A-
expressing cells eventually resulted in apoptosis, as evidenced
by chromatin condensation and nuclear fragmentation (Fig.
5C, arrowheads).

In contrast, cells expressing Plk typically formed ex-
tended cytoplasmic protrusions or branches (Fig. 5D, 12 h),
which in turn formed cytoplasmic bodies (arrowheads). These
protrusions/bodies also contained microtubule (a-tubulin
staining) structures. As PIk3%%*R continued to exert its effect,
most cells contained granules that were brightly stained with

3K52R

the PIk3 antibody. Eventually, some P1k3%°*R-expressing cells
appeared to fragment their cytoplasmic extensions and under-
went apoptosis as shown by highly condensed, hyperchromatic -
chromatin and fragmented nuclei (Fig. 5D, 36 h, arrowheads).

TABLE 1. Percentage of round cells expressing Plk3-A or
PIk3¥52R at various times after transfection”

% At different times

Treatment

14 h 24 h 36 h
PIk3-A 90 90 97
P]k3K52R 34 26 27

“ Transfected A549 cells were labeled with the antibody to P1k3 and examined
by fluorescence microscopy. At least 200 cells expressing transfected Plk3 mutant
proteins were counted for each time point, and data were summarized from two
independent experiments.
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FIG. 5. Expression of Pik3 mutants resulted in a dramatic change in cell shape. (A} A549 cells transfected with PIk3-A for 20 h were stained
with antibodies to PIk3 (red) and a-tubulin (green). Arrowheads indicate the position of midbodies. (B} An example of four cells stuck together
that were transfected with Plk3-A for 20 h. (C) AS49 cells transfected with PIk3-A expression construct for 36 h were stained with antibodies to
Plk3 (red} and o-tubulin (green). Arrowheads indicate PIk3-A-expressing cells undergoing apoptosis. (D) AS549 cells transfected with PIk3©R
expression construct for various times were stained with antibodies to PIk3 (red) and a-tubulin (green). Green arrowheads indicate the cytoplasmic
bodies, White arrowheads indicate the apoptotic cells, and red arrowheads show the deformed nuclei.

The cytoplasmic distortion in the PIk3*°*R_gverexpressing
cells also exerted apparent stress on nuclei, resulting in their
elongated or deformed shape {(DAPI staining, red arrow-
heads).

To further link Plk3 to microtubule dynamics, we next tested
whether centrosomal localization of endogenous PIk3 was af-

fected by microtubule depolymerization. Compared with the
untreated controls, exposure of A549 cells to a low tempera-
ture (4°C) resulted in diffusion of PIk3 (Fig 6A). PIk3 spread
throughout the cell, whereas centrosome integrity (y-tubulin
staining) was largely unaffected. A subsequent analysis of cells
treated with nocodazole confirmed that, when microtubule in-
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TABLE 2. Percentage of doublets with midbody that express
PIk3-A at various times after transfection in presence
or absence of taxol”

% Found at different times with and without taxol

14 h 24 h 36h 14 h 24 h 36 h
(no taxol) (no taxol) (no taxot) (taxol) (taxol) (taxol)
83 79 64 3.8 2.8 *

“ Transfected A549 cells were labeled with the antibody to Pik3 and examined
by fluorescence microscopy. At least 200 cells expressing transfected P1k3-A were
counted for each time point, and data werc summarized from two independent
experiments. *, cells became apoptotic.

tegrity was disrupted, Plk3 was no longer localized around
centrosomes as the discrete spots (data not shown). Interest-
ingly, taxol, which causes stabilization of the microtubule, did
not significantly affect the localization of endogenous PIk3 to

P1k3
(untreated)

Plk3
(4°0)

a-Tubulin r-Tubulin

a-Tubulin

Taxol

K52R
Taxol+Plk3

. .Plk3
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MTOC. Whereas control cells formed microtubule bundles
upon taxol treatment, cells expressing transfected PIk3%°2R
were capable of forming protrusions (spikes) (Fig. 6B, arrow-
heads), although they were not as extended as in the non-taxol-
treated ones (Fig. 5D). In contrast, cells expressing Plk3-A
formed thick microtubule bundles. Midbody-like structures
were observed rarely, if at all, in Plk3-A-expressing cells
treated with taxol (Fig. 6B and Table 2). The mechanism by
which taxol induces disappearance of the midbody by taxol is
unclear at present.

To examine the effect of PIk3 mutant expression on cell cycle
status, A549 cells transfected with PIk3¥32R, PIk3-A, or vector
alone for 12 h were stained with DAPI and their DNA content
was analyzed by flow cytometry. Figure 7 shows that transfec-
tion of A549 cells with the vector alone did not alter the cell
cycle distribution compared with that of parental cells. How-

P1k3
(4°¢)

Taxol+Plk3-A

a-Tubulin

FIG. 6. PIk3’s localization to centrosomes is sensitive to cold but not to taxol. (A) A549 cells treated with or without cold were stained with
antibodies to PIk3 (red) and a-tubulin (a-Tubulin) (green) or y-tubulin (r-Tubulin) (green). (B) Parental A549 cells or cells transfected with Plk3-A

or PIk3¥?

protrusions in a cell expressing high levels of PIk3R%2R,

R in the presence of taxol (5 pM, 16 2 were stained with PIk3 (red) and «-tubulin (green). Arrowheads indicate the cytoplasmic
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FIG. 7. Mitotic arrest induced by PIk3-A and PIk3*"R_(A) A549
cells transfected with vector (pCR259), PIk3¥°2% or PIK3-A expression
constructs for 12 h were treated with or without taxol (25 pM) for an
additional 4 h. The parental and transfected A549 cells were stained
with DAPI, and their cell cycle status was analyzed by flow cytometry.
(B) A549 cells transfected with vector {lane 2), PIk3*5?® (lanes 3, 3,
and 7), or PIk3-A (lanes 4, 6, and 8) for various times as indicated were
Iysed, and equal amounts of proteins were blotted for cyclin B expres-
sion. A549 cells treated with (lane 9) or without (lane 1) nocodazole
were used as controls.

ever, expression of Plk3-A for 12 h significantly elevated the
proportion of G,/M cells. Expression of PIk3**?R also in-
creased the frequency of G,/M cells, albeit to a lesser degree
than that of PIk3-A (Fig. 7A and Table 3). Taxol treatment also
resulted in a mitotic arrest (Fig. 7A and Table 3). Compared
with that of taxol alone, a significant reduction in the G,
population coupled with an increase in the S and G,/M pop-
ulations was observed in cells transfected with PIk3-A or
PIk3%°® in the presence of taxol (Table 3), indicating that the
effect of taxol and PIk3 on cell cycle arrest was additive.

As an alternative method to confirm mitotic arrest after
expression of PIk3-A and PIk3*°*R, we measured cyclin B
levels. Western blotting analysis showed (Fig. 7B) that signif-
icantly more cyclin B was detected in cells expressing PIk3-A
and PIk3%°?R than in control cells 12 h posttransfection. Inter-
estingly, by 16 h {(or longer) posttransfection, cyclin B was
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rapidly decreased in cells transfected with PIk3-A (Fig. 7B). On
the other hand, no significant cyclin B degradation was ob-
served in cells expressing PIk3*?® until at least 16 h posttrans-
fection. The disappearance of cyclin B suggested that cells
either exited from mitosis or underwent apoptosis. Further
analysis revealed (Fig. 8) that, whereas few parental A549 or
vector-transfected cells contained cleaved PARP p85 frag-
ment, an early apoptotic marker, a significant fraction of PIk3-
A-transfected cells were PARP p85 positive (Fig. 8, arrow-
head), indicating that enforced expression of PIk3-A initiated
programmed cell death following mitotic arrest. Consistent
with cell cycle arrest and cyclin B levels (Fig. 7), expression of
PIk3"°?® also resulted in a significant increase in the number
of cells expressing PARP p85 (Fig. 8).

DISCUSSION

Polo-like kinases play important roles in the regulation of
the G,/M transition, mitotic progression, and DNA damage
checkpoint response (22, 28, 32}. To date, much effort has been
focused on the role of Plkl during cell cycle control in verte-
brates. We have been studying the biological role of human
Plk3, and our early studies have indicated that PIk3 functions
differently from Plk1 (23, 32). Here we report that PIk3 colo-
calizes with centrosomes or the spindle poles. Several previous
studies show that Plki also localizes to centrosomes {11) and
the kinetochore/centromere (1). Thus, PIk3 shares a subcellu-
lar localization pattern (Fig. 2 and 3) similar to that of Plkl
during interphase and mitotic prophase (11). However, PIk3
colocalizes with the mitotic spindle (Fig. 3), whereas PIk1 is
confined to the spindle poles during metaphase (11). PIk3 also
differed from Plk1 (1, 11} in that no sigaificant PIk3 signals
were detected on kinetochores. In all stages of the cell cycle,
Plk3 is apparently associated with the centrosome(s) or the
spindle poles, strongly suggesting a role for PIK3 in the regu-
lation of MTCOC as well as mitosis. PIk3 is not a core compo-
nent of centrioles, because its subcellular localization is much
more diffuse than that of y-tubulin (Fig. 2). In addition, its
association with MTOC is microtubule dependent, as depoly-
merization of microtubules with cold treatment significantly
compromised the localization of PIk3 to the centrosomal re-
gions {Fig. 6).

TABLE 3. Cell cycle distribution (%) of A549 transfected with or
without various expression constructs®

% Found at different phases

Treatment
G, S Go/M
AS549 43 38 19
Vector . 47 36 18
Pik3-A 33 36 32
PIK3R 38 35 28
AS549 + taxol 35 39 26
Vector + taxol 34 35 30
PIk3-A + taxol 26 40 33
- PIK3®52R + taxol 29 38 33

@ Parental AS49 cells or A549 cells transfected with PIk3-A, PIkK3*5?R or the
vector alone for 12 h were treated with or without taxol for an additional 4 h. The
cells were then processed and stained with propidium fodide. Cell cycle distri-
butions were analyzed by flow cytometry. Data were summarized from three
independent experiments.
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FIG. 8. Apoptosis induced by PIk3-A and PIk3%°2R, A549 cells
transfected with vector (pCR259), PIk3%5?R  or PIk3-A expression con-
structs for 16 h were stained with antibodies to Plk3 and to caspase-
cleaved PARP p85 fragment, an early apoptotic marker. The fluores-
cence of the cells was then analyzed by flow cytometry. Parental A549
cells were processed and analyzed in the same manner as a control.

Antibody injection studies suggest that Plk1 may be involved
in centrosome separation and maturation (17). However, Plk1
is rapidly degraded upon exit from mitosis by the antigen-
presenting-cell-mediated proteolytic pathway (21). As a result,
the Plk1 protein level remains low during interphase. Its level
increases rapidly at the onset of mitosis, indicating that Plk1
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functions primarily during mitosis (6, 22). It appears that no
rigorous tests were performed in these studies to assure that
the antibodies used did not cross-react with P1k3; it is possible
that the proposed Plk1 functions in centrosome separation and
that maturation may be partly the result of PIk3 activity. This
notion is consistent with the observations that PIk3 protein
levels remain rather constant during the cell cycle and that
Plk3 shares extensive structural homology with Plk1 (24).
Therefore, during interphase, PIk3, rather than Plk1, may play
a major role in the regulation of MTOC, including its struc-
tural integrity and maturation of duplicated centrosomes. The
present studies suggest that PIk3 may also have a role during
mitosis because it is associated with the mitotic apparatus (Fig.
3). In addition, cells expressing PIk3-A are unable to complete
cytokinesis, indicating its role in regulating mitotic exit. These
observations are also consistent with early reports that Polo
and CDCS are required for completion of cytokinesis as well as
for mitotic progression (29). However, compared to CDC5
(29), the interference of cytokinesis by Plk3-A does not appear
to rely on the Polo domain, because Plk3-A lacks only a short
sequence at the amino terminus (24). Clearly, it is necessary to
study the subcellular localization of Plk1 and Pik3 in the same
cell system in order to understand the respective roles of these
two homologues in cell cycle regulation.

Disruption of PIk3 function by enforced expression of
PIk3¥°2R apparently causes disorganization of microtubule
structures. This is manifested by the formation of long cyto-
plasmic extensions or branches (Fig. 5D), reminiscent of neu-
ronal cell differentiation. In fact, an early study has shown that
PIk3 expression level is high in brain tissues and that it is
involved in the maintenance of long-term synaptic plasticity
(14). We propose that PIk3 may regulate microtubule dynam-
ics by upregulation of the minus end activity, resulting in ac-
celerated shortening of microtubules because of its close asso-
ciation with MTOC. Disruption (inhibition) of PIk3 activity
upon PIk3¥5ZR expression would thus lead to stabilization of
microtubules. This notion is supported by the observation that
expression of Plk3-A results in rapid cell shrinkage (Fig. 4 and
5) accompanied by cell cycle arrest (Fig. 7). Moreover,
PIk3%%2R_expressing cells continue to form cell surface protru-
sions and granules even in the presence of taxol (Fig. 6B).

Although less pronouced than that of Plk3-A, PIk3%%?R also
induces apparent G, and/or mitotic arrest followed by apopto-
sis (Fig. 7 and 8). One explanation is that PIk3®*?® retains a
weak kinase activity (24). Alternatively, the cell cycle arrest
and apoptosis induced by PIk3%**® and PIk3-A may be medi-
ated by different mechanisms. The latter scenario is supported
by the observations that Plk3-A arrests cells at the M/G1 junc-
tion, whereas PIk3%°?® primarily induces cytoplasmic mem-
brane extensions followed by membrane shedding or fragmen-
tation. Moreover, whereas PIk3¥%?R expression induced a
persistent increase in cyclin B levels (Fig. 7B, lanes 3, 5, and 7),
Plk3-A-induced increase in cyclin B expression was short lived
(Fig. 7B, lanes 6 and 8), consistent with the notion that cells
expressing Plk3-A are G,-like before undergoing apoptosis.
Further studies are needed to determine the underlying mech-
anisms of these mutants on cell cycle status.

Recent studies have indicated that the phosphorylation of
microtubule-associated proteins plays a critical role in the reg-
ulation of microtubule stability (2, 5). Several Drosophila pro-
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teins, such as DMAP-85 (Drosophila 85-kDa microtubule-as-
sociated protein) and Asp (abnormal spindle), interact with
microtubules and are phosphorylated in vitro by Polo (2, 5).
Given that both Asp and DMAP-85 associate also with cen-
trosomes or microtubules and that their interactions are reg-
ulated by phosphorylation (2, 5) it is tempting to speculate that
these human homologues are potential in vivo targets of PIk3.

Centrosome abnormalities are implicated in chromosomal
instability and in the development of cancer, and in fact, many
cancer cells display multiple centrosomes or enhanced centro-
somal activity (20). We have previously shown that Pik3 phos-
phorylates the oncogene product Cdc25C on serine-216 (23), a
site phosphorylation of which should result in downregulation
of its activity. Recently, we have also demonstrated that Pik3
phosphorylates p53 on serine-20, an activating phosphorylation
site of the tumor suppressor protein (32). Given that PIKk3 is
downregulated in several types of cancer (3, 18), it is possible
that deregulated centrosome or MTOC activities as a result of

PIk3 deficiency may contribute to the development and/or pro- _

gression of these cancers.
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Upon exposure of cells to hydrogen peroxide (H,0,)
phosphorylation of p53 was rapidly induced in human
fibroblast GM60637, and this phosphorylation occurred
on serine 9, serine 15, serine 20, but not on serine 392. In
addition, H,0,-induced phosphorylation of p53 was fol-
lowed by induction of p21, suggesting functional activa-
tion of p53. Induction of phosphorylation of P53 on mul-
tiple serine residues by H,0, was caffeine-sensitive and
blocked in ATM ™/~ cells. Polo-like kinase-3 (P1k3) activ-
ity was also activated upon H,0, treatment, and this
activation was ATM-dependent. Recombinant His-PIk3
phosphorylated glutathione S-transferase (GST)-p53 fu-
sion protein but not GST alone. When phoshorylated in
vitro by Hisg-Plk3, but not by the kinase-defective mu-
tant His6-P1k3"“*?F, GST-p53 was recognized by an anti-
body specifically to serine 20-phosphorylated p53, indi-
cating that serine 20 is an in vitro target of Plk3. Also
serine 20-phosphorylated p53 was coimmunoprecipi-
tated with P1k3 in cells treated with H,0,. Furthermore,
although H,0, strongly induced serine 15 phosphoryla-
tion of p53, it failed to induce serine 20 phosphorylation
in Plk3-dificient Daudi cells. Ectopic expression of a
Plk3 dominant negative mutant, P1k3%52E_in GM00637
cells suppressed H,0,-induced serine 20 phosphoryla-
tion. Taken together, our studies strongly suggest that
the oxidative stress-induced activation of p53 is at least
in part mediated by P1k3.

Reactive oxygen species (ROS),! ubiquitously present, are
very reactive and cause damage to biological molecules, includ-
ing DNA. ROS are potentially mutagenic and may be involved
in activation of protooncogene and inactivation of tumor sup-
pressor genes (1, 2). Thus, ROS are suspected to represent
important human carcinogens (3, 4). Oxidative signals, either
external or internal, are thought to be detected by sensor mol-
ecules and mediated by cellular signal transduction systems,
which eventually results in cell cycle arrest, senescence, or
apoptosis in normal diploid fibroblast cells. ATM has been
proposed to be a sensor of oxidative damage of cellular macro-
molecules such as DNA (5). The tumor suppresser protein p53
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appears to be a major effector of the genotoxic stress-signaling
pathway that is mediated by ATM (6). In fibroblast cells, p53
protein level is increased upon H,0, treatment, and the level of
P53 is correlated with replicative senescence and apoptosis (7).
In the p66shc ™™ cells, p53 activation and its target gene p21
expression are impaired in response to oxidative stress (8).
However, a p53-independent pathway that mediates H,0,-
induced G,/M growth arrest has also been reported (9).
Members of the Pole family of protein kinases, conserved
through evolution, have been characterized in yeast (10), Cae-
norhabditis elegans (11), Drosophila melanogaster (12), Xeno-
pus laevis (13), mouse (14, 15), and human (16, 17). The found-
ing member of this family, Polo, was originally identified in the
fruit fly and was shown to be a serine-threonine kinase re-
quired for mitosis (12). Mammalian cells contain at least three
proteins (Plk1, PIk2, and Plk3) that exhibit marked sequence
homology to Polo (14, 15, 18, 19). As cells progress through the
cell cycle, Plk proteins undergo substantial changes in abun-
dance, kinase activity, or subcellular localization. In human
cells, the amounts of Plk1 protein and its kinase activity peak
at mitosis (18). During mitosis, Plkl transiently associates
with mitotic structures such as the spindle apparatus, kineto-
chores, and centrosomes (20). Recent studies have shown that
PIk1 contributes to a variety of mitotic {or meiotic) events,
including activation of cyclin B-Cdc2, breakdown of the nuclear
membrane, centrosome maturation, and formation of the bipo-
lar spindle at the onset of mitosis (21-28). Plk1 also controls
the exit of cells from mitosis by regulation of the anaphase-
promoting complex (24). P1k3 shows little resemblance to Plk1
with regard to function in mammalian cell cycle regulation.
Thus, the abundance of Plk3 remains relatively constant dur-
ing the cell cycle, and its kinase activity peaks during late S
and G, phases (25). Furthermore, Plk3 phosphorylates Cdc25C
on serine 216, resulting in inhibition of the activity of this
protein (25), whereas phosphorylation of Cde25C by Plx1, a
Xenopus Plk1 ortholog, results in activation of this protein (13).
Polo family kinases also participate in the response to DNA
damage (26-28). For example, Cde5, a budding yeast ortholog
of Drosophila polo, promotes adaptation to cell cycle arrest at
the DNA damage checkpoint (29). The electrophoretic mobility
of Cdc5 in denaturing gels is affected by prior subjection of cells
to DNA damage, and this modification is dependent on Mecl,
Rad53 (a yeast Chk1 homolog), and Rad9 (26). In addition, a
functionally defective Cdch mutant protein suppresses a Rad53
checkpoint defect, whereas overexpression of Cde5 overrides
checkpoint-induced cell eycle arrest (27), suggesting that Cdc5
acts downstream of Rad53. Moreover, DNA damage appears to
interfere with the activation of Plk1 in mammalian cells, re-

~ sulting in down-regulation of the kinase activity of this protein,

In contrast, expression of dominant negative mutants of Plk1
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overrides the induction of G, arrest by DNA damage (28).

We have been studying the biological role of polo-like ki-
nase-3 (P1k3, previously named Prk) during normal and abnor-
mal cell growth (17, 25, 30, 31). Here we report that ROS
induces activation of Plk3 as well as p53, which is correlated
with p53 phosphorylation on multiple serine sites. Activation of
both Plk3 and p53 is ATM-dependent. In addition, we have
obtained experimental evidence strongly suggesting that Plk3
mediates ROS-induced serine 20 phosphorylation of p53.

MATERIALS AND METHODS

Cell Culture—Various cell lines, including ATM-deficient cell line
(ATCC number CRL-1702), were purchased from ATCC. CRL-1702 has
been characterized as ATM ™/~ (32). GM00637 cell line (human fibro-
blast) was originally from the Coriell Institute for Medical Research.
HeLa, A549, GM00637, DU145, LNCap, and PC-3 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bo-
vine serum and antibiotics (100 ug/ml penicillin and 50 pg/ml strepto-
mycin sulfate) with 5% CO,. DAMI, HEL, and HL-60 cells were cul-
tured in RPMI 1640 medium, and Daudi cells were culture in McCoy’s
medium supplemented with fetal bovine serum and antibiotics as
above.

Immunoblotting—Cells treated with H,0, (200 M unless otherwise
specified) or adriamycin (100 uM) were collected and lysed (25). In some
experiments, caffeine (2 M) was supplemented to the cultured cells for
30 min prior to the treatment with H,0, or adriamycin. Equal amounts
(40 pg) of protein lysates from the treated cells were analyzed by
SDS-polyacrylamide gel electrophoresis followed by immunoblotting
with antibodies (New England Biolabs) to phosphorylated p53 (specif-
ically phosphorylated on serine 9, serine 15, or serine 20), p21, or Bax.
The same blots were also stripped and reprobed with antibodies to
regular p53 (Santa Cruz Biotechnology). Signals were detected with
horseradish peroxidase-conjugated goat secondary antibodies (Sigma)
and enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech).

Protein Kinase Assays—Immunocomplex kinase assays were per-
formed essentially as described previously (25). In brief, A549 cells were
exposed to H,0, (200 um) for various times, lysed, and subjected to
immunoprecipitation with antibodies to Plk3. The resulting precipi-
tates were resuspended in a kinase buffer (10 mm Hepes-NaOH (pH
7.4), 10 um MnCl,, 5 mm MgCL,), and the kinase reaction was initiated
by the addition of [y-*PJATP (2 pCi) (Amersham Pharmacia Biotech)
and a-casein (Sigma). After incubation for 30 min at 37 °C, the reaction
mixtures were analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography. Recombinant Hisg-Plk3, produced and purified as
described previously (25, 30), was assayed for kinase activity as a
positive control. In some kinase assays, GST-p53 was incubated with
His,-Plk3 or Hisg-Plk3X**® in the kinase buffer supplemented with
“cold” ATP. After reaction, Plk3-phosphorylated GST-p53 samples, as
well as nonphosphorylated GST-Plk3, were blotted for serine 20
phosphorylation.

Coimmunoprecipitation Analysis—GMO00637 cell lysates were incu-
bated for 30 min at room temperature in a total volume of 500 pl with
of 20 ul of protein A/G-agarose bead slurry (Santa Cruz Biotechnology).
After removal of the beads, the supernatant was supplemented with
either rabbit polyclonal (PharMingen) or mouse monoclonal antibodies
to Plk3, or with control immunoglobulins followed by incubation with
constant agitation for overnight at 4 °C. Protein A/G-agarose beads
(20 w)) were then added to each immunoprecipitation mixture, and the
incubation was continued for 1 h at room temperature. Immunoprecipi-
tates were collected by centrifugation, washed three times with the cell
lysis buffer, and subjected to immunoblot analysis with monoclonal
antibodies to serine 20-phosphorylated p53.

Transient Transfection—GMO00637 cells were transfected, using the
Lipofect AMINE method (Life Technologies, Inc.), with constructs ex-
pressing Plk3 or PIk3¥%2R25 or with the vector pCR592. One day after
transfection, cells were treated with or without H,0, for 30 min. Cell
lysates were prepared and blotted for P1k3, p53, or serine 20-phospho-
rylated p53.

RESULTS

Although recent studies have shown that phosphorylation of
p5h3 plays an important role in stabilization and activation of
this tumor suppressor protein in cells exposed to ionizing ra-
diation (IR) or UV (6, 33), the mechanism by which ROS-
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Fic. 1. H;0, induces phosphorylation and activation of p53. 4,
GMO00637 cells treated with H,0, for the indicated times were collected,
and equal amounts of cell lysates were analyzed for p53 phosphoryla-
tion via Western blotting using antibodies specific to phosphorylated
serine 9, serine 15, or serine 20. The same blot was stripped and
reprobed with antibody to all forms of p53. B, GM00637D cells were
treated with H,0, for the indicated time, and equal amounts of cell
lysates were blotted for p21, Bax, or a-tubulin.

induced p53 accumulation/activation remains unclear (34). To
determine whether ROS activates p53 through phosphoryla-
tion, GM00637D cells were exposed to H,0, for various times,
and p53 phosphorylation status was analyzed by immunoblot-
ting using phospho-specific antibodies. Fig. 1A shows that upon
H,0, treatment, p53 was rapidly phosphorylated on serine 20
and serine 15 in GMO00637D cells. Serine 9 phosphorylation
was also induced with a slow kinetics (Fig. 14, lane 5). How-
ever, serine 392 phosphorylation was not detected (data not
shown). These results indicate that p53 accumulation upon
oxidative stress as reported by von Harsdorf and Dietz (35) is at
least partly due to phosphorylation of p53 on serine 15 and
serine 20, because these two residues are located within the
domain of the protein that interacts with HDM2 (human or-
tholog of murine double minute-2 protein, MDM2), resulting in
stabilization of the normally short-lived p53 protein in re-
sponse to the stress (36).

Phosphorylation and activation of p53 upon challenge with
genotoxic stress such as IR and UV often results in cell cycle
arrest (6). In fact, the trans-activation by p53 of genes such as
those encoding p21 and Bax proteins is thought to be respon-
sible at least in part for cell cycle arrest and apoptosis, respec-
tively, in cells subjected to genotoxic stress (37). To determine
whether H,0,-induced p53 phosphorylation is correlated with
its functional activation, we measured expression of its target
genes p21 and Bax. Fig. 1B shows that 5 h after H,0, treat-
ment, the p21 protein level began to increase (lane 2) and that
7 h post-treatment it was more than quadrupled (lane 3) com-
pared with the untreated control (lane I). On the other hand,
little increase in Bax protein levels were observed in cells
treated with H,0,.

DNA damage caused by IR activates p53 through phospho-
rylation on multiple residues, and this activation is ATM-
dependent (33). To determine whether ROS-induced p53 phos-
phorylation was also ATM-dependent, we treated GM00637
cells with caffeine, an ATM/ATR inhibitor, prior to exposure of
the cells to H,0, or IR-mimetic drug adriamycin. Fig. 2A shows
that caffeine (CFN) partially blocked H,0,-stimulated phos-
phorylation of p53 on serine 15 and serine 20 (lanes 2 and 5),
whereas it completely inhibited adriamycin (ADR)-induced
phosphorylation of p53 on all three residues (lanes 3 and 6).
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Fic. 2. H,0p-induced p53 phosphorylation is ATM-dependent.
A, GMO00637 cells pretreated with caffeine (CFN) were exposed to H,0,
or adriamycin (ADR) for 30 min. Equal amounts of protein lysates from
the treated cells were analyzed for p53 phosphorylation using phos-
pho-specific antibodies to serine 15 or serine 20. The same cell lysates
were also blotted for all forms of p53. B, ATM-deficient cells (CRL-
1702) were treated with H,0, for 30 min, and equal amounts of cell
lysates were blotted with antibodies to serine 20-phosphorylated or
serine 15-phosphorylated p53, as well as all forms of p53. GM00637
cell lysates ({ane 3) were used as positive control.

These observations suggest that p53 activation by ROS is at
least in part dependent on ATM and/or ATR. To further confirm
that ATM was important in mediating p53 phosphorylation by
H,0,, we exposed ATM-deficient CRL-1702 cells to H,0,. Fig. 2B
shows that in the ATM-deficient cells after H,0, treatment en-
hancement in phosphorylation of p53 on neither serine 20 nor
serine 15 was observed, indicating that ROS-induced phospho-
rylation and activation of p53 is ATM-dependent.

Our laboratory has been studying human PIk3, which is
invelved in regulating cell cycle progression (17, 25, 30). As an
initial step to identify protein kinase(s) responsible for phospho-
rylation of p53 induced by ROS, we examined the possibility of
Plk3 activation by H,0,, because Plk3 phosphorylates the same
residue of Cde25C (serine 218) as that targeted by Chkl and
Chk2. Chk1 and Chk2 are also reported to phosphorylate p53 on
serine 20 (38, 39). A549 cells, expressing good levels of P1k3, were
treated with ROS for various times. Plk8 immunoprecipitated
from the treated cells was analyzed for its kinase activity using
casein as substrate as described previously (25). Fig. 34 shows

~

0}
0 9
IP:P1k3 + + !g g
H202 -+ T+ ¥
2 3 4

CRL-1702

Fic. 3. H,0, activates P1k3 in an ATM-dependent manner. A,
AB49 cells treated with H,0, for the indicated times were immunopre-
cipitated with an antibody to Plk3. Plk3 immunoprecipitates were
analyzed for in vitro kinase activity using casein as substrate. B, Plk3
immunoprecipitated from ATM-deficient cells (CRL-1702) treated with
(lane 2) HyO, for 30 min, as well as the untreated parental cells (lane 1),
were analyzed for in vitro kinase activity. Vehicle (buffer, lane ) or
recombinant Hiss-Plk3 (lane 4) was used as control for the kinase assay.

that compared with the control (lane I) PIk3 kinase activity was
rapidly activated in A549 cells (Jane 2) and maintained for at
least 1 h. To determine whether Plk3 activation was ATM-
dependent, CRL-1702 cells treated with H,O, were collected, and
Plk3 immunoprecipitates were assayed for PIk3 kinase activity.
Fig. 3B shows that whereas recombinant PIk3 phospherylated
casein effectively (lane 4), no difference in Plk3 kinase activity
was detected between untreated control (Jane 1) and H,O,-
treated CRL-1702 cells (lane 2), suggesting that Plk3 activation
also requires ATM. In addition, PIk3 activation was caffeine-
sensitive because pretreatment of A549 cells with caffeine com-
pletely blocked activation of P1k3 by H,0, (data not shown).

To determine the possibility that Plk3 was involved in me-
diating H,0s-induced p53 phosphorylation, we screened a
dozen cell lines for P1k3 expression. We observed (Fig. 44) that
Daudi (B lymphoblastic leukemic cells with wild-type p53 (40))
did not express detectable levels of P1k3, whereas other tested
cell lines expressed various levels of this protein. Further anal-
ysis with polymerase chain reaction confirmed that no Plk3
expression was detectable in Daudi cells (data not shown). To
determine whether the absence of P1k3 expression affected p53
phosphorylation, we analyzed p53 phosphorylation on both ser-
ine 20 and serine 15 residues in Daudi cells exposed to H,0,.
Fig. 4B shows that p53 phosphorylation on serine 15 is rapidly
induced and maintained for at least 2 h in Daudi cells (lanes
2-5). In contrast, no serine 20 phosphorylation was observed.
Chk2 is reported to phosphorylate p53 on serine 20 (39). Re-
probing the same blot with antibody to Chk2 revealed that
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Fic. 4. Absence of serine 20 phosphorylation in Daudi cells
that express no P1k3. A, equal amounts of protein lysates from the
indicated cell lines were blotted for both Plk3 and a-tubulin expression.
B, equal amounts of proteins from Daudi cells treated with H,O, for the
indicated times were blotted for p53 phosphorylation using phospho-
specific antibody to serine 20 or serine 15 of p53 as well as all forms of
p53 and Chk2. GM00637 cell lysates (lane 6) were used as a control.

Daudi cells expressed abundant Chk2 (Fig. 4B). These obser-
vations suggest that Plk3 is involved in regulating serine 20
phosphorylation of p53.

We next asked whether Plk3 directly phosphorylated p53. In
vitro kinase assays showed (Fig. 54) that recombinant histi-
dine-tagged Plk3 (Hisg-Plk3) phosphorylated GST-p53 (lane 2),
as well as casein (lane 1), but not GST alone (lane 5), indicating
that Plk3 targets the p53 moiety of GST-p53. A kinase-defec-
tive mutant of Plk3, Hiss-PIk3¥%2F in which lysine 52 was
replaced with arginine, did not significantly phosphorylate
GST-p53 (Fig. 54, lane 3). To further examine whether the
serine 20 residue of p53 was a phosphorylation target of P1k3,
we incubated GST-p53 with Hisg-Plk3 or His6-Plk3¥52R in the
kinase buffer supplemented with ATP. In vitro phosphorylated
GST-p53 samples, as well as nonphosphorylated GST-p53,
were blotted for serine 20 phosphorylation. Fig. 5B shows that
purified GST-p53 was not recognized by the antibody to serine
20-phosphorylated p53 (lane 4). However, when phosphoryl-
ated in vitro by Hisg-Plk3, but not by Hiss-Plk3¥52R, GST-p53
exhibited a strong phosphoserine 20 epitope (lane 5). Given
that Plk3 kinase activity and serine 20 phosphorylation of p53
are induced by H,0,, these observations strongly suggest that
serine 20 is an in vivo target of Plk3 during Hy0,-induced
stress response.

To explore the physical interaction between p53 and P1k3, we
immunoprecipitated Plk3 from cells treated with or without
H,0,, and Plk3 immunoprecipitates were then blotted for the

Cagein + - - - - -
1 2 3 4 5 6

- — KDa
GST-p53> i
-62
Casein> #iw -26
P1k3 S
P1k3¥2R . - 4 - - 4
GST-p53 - - - + + +
Lysates + - - - - -
5 6
kDa
-86
B
-62
p53 Ser-20P
Q
CNTL IgG + - - §
P1lk3 IgG - + + >
H202 + - + +
1 2 3 4
c : . e <Ser-20p
<IgG

3 .
Blot: Ser-20P
Fic. 5. P1k3 interacts with and phosphorylates p53 in vitro. A,

purified GST-p53 was phosphorylated ir vitro by His,-P1k3 (lane 2) or
His,-Pik3%°%® (lane 3) in the kinase buffer supplemented with
[v-*?P]ATP. GST and a-casein were used as negative and positive con-
trols, respectively. After kinase reaction, samples were fractionated on
SDS-polyacrylamide gel electrophoresis followed by autoradiography.
B, GST-p53 was phosphorylated in vitro by His;-Plk3 and Hisg-
Pik3¥"2R in the kinase buffer supplemented with “cold” ATP. The reac-
tion samples and protein lysates from H,O,-treated GM00637 cells
(lane 1) were then blotted with the antibody to phosphoserine 20 of p53.
Partial degradation of GST-p53 was observed (lane 5). C, equal
amounts of protein lysates from GM00637 cells treated with or without
H,0, were immunoprecipitated with the antibody to Plk3 or control
1gGs. Immunoprecipitates were then blotted for serine 20-phosphoryl-
ated p53. GM00637 cell lysates were used as a positive control.

presence of serine 20-phosphorylated p53. Fig. 5C shows that
neither the control IgGs appreciably precipitated serine 20-
phosphorylated p53 from the H,0,-treated cells (lane I) nor
Plk3 antibody brought down the phospho-p53 from the un-
treated control cells (lane 2) However, P1k3 antibody precipi-
tated p53 that was phosphorylated on serine 20 from cells
treated with H,0,.

To further demonstrate that Plk3 regulated serine 20 phos-
phorylation of p53 in vivo, GM00637 cells were transfected
with constructs expressing either Plk3 or PIk3¥52R, One day
after transfection, both Plk3 proteins were expressed (Fig. 64,
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Fic. 6. Plk3 regulates serine 20 phosphorylation of P53 in vive.
A, GMO0637 cells were transfected with constructs expressing Plk3 or
P1k3%52R or with the vector alone. One day after transfection, cells were
lysed, and equal amounts of proteins from the transfected cells were
blotted with the antibedy to Plk3. B, GM00637 cells transfected with
various constructs as indicated were treated with or without H,0, (20
M) for 30 min. Equal amounts of proteins from various treatments
were blotted with antibodies to serine 20-phosphorylated p53 or
a-tubulin.

lanes 3 and 4) at a level higher than the endogenous one (the
band with a slower mobility). The fast mobility of both trans-
fected Plk3 proteins was due to a short truncation at the amino
terminus. Further analysis of the transfected cells showed (Fig.
6B) that no significant enhancement in serine 20 phosphoryl-
ation was detected when cells were transfected with either
Plk3 (lane 2) or PIk3*5% (Jgne 8) compared with cells trans-
fected with vector alone (lane 1). However, when Plk3-trans-
fected cells were exposed to a low concentration of H,0,, a
significant increase in serine 20 phosphorylation was detected
(lanes 2 and 5). In contrast, no such enhancement in serine 20
phsophorylation was detected in cells transfected with
Plk3%5?® (Janes 3 and 6). These observations suggest that Plk3
needs to be activated by ROS before it can fully phosphorylate
its physiological substrates.

DISCUSSION

The mechanism by which mammalian cells transmit signals
in response to oxidative damage remains unclear. Here we
report that ROS phosphorylates and activates p53 tumor sup-
pressor protein. Consequences of pb3 activation are either cell
cycle arrest or apoptosis. We have observed that p53 activation

-in response to H,0, treatment results in significant increase in

expression of p21, but not of Bax (Fig. 1B), which is consistent
with our observation that the concentration of H,;0, used inour
experiments did not cause significant apoptosis of GM00637
cells (data not shown). However, we cannot exclude the possi-
bility of Bax activation by post-translational mechanisms. In-
terestingly, it has been proposed that p53 may cause cell death
by directly stimulating mitochondria to produce an excess
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amount of toxic ROS in some cells (33). Thus, a feedback loop
between p53 and ROS may exist, which is presumably to am-
plify the stress signal, resulting in accelerated programmed cell
death when damage caused by a genotoxic stress is beyond
repair.

Recent advances indicate that reversible phosphorylation
plays an important role in the DNA damage checkpoint acti-
vation. In fact, p53 is rapidly phosphorylated upon exposure of
cells to IR or UV (8). Our current studies demonstrated that
oxidative stress activates p53 also through phosphorylation on
multiple residues. The kinetics of ROS-induced phosphoryla-
tion of p53 on various serine residues is apparently different
(Fig. 1A), suggesting the involvement of several protein ki-
nases. It is also likely that phosphorylation of certain residues
may facilitate the subsequent phosphorylation of other resi-
dues. Consistent with the latter scenario, phopshorylation of
threonine 18 by casein kinase II requires prior phosphorylation
of serine 15 by ATM upon DNA damage (41).

Our current studies indicate that Plk3 is directly involved in
H;0,-induced phosphorylation of p53 on the serine 20 residue.
First, induction of both p58 phosphorylation and Plk3 kinase
activity by HyO, is ATM-dependent (Figs. 2B and 3B). Second,
H,0, does not induce serine 20 phosphorylation of p53 in
Daudi cells that express Chk2 but no detectable levels of Plk3
(Fig. 4). Third, Plk3, but not P1k3%5?% directly phosphorylates
GST-p53 (but not GST alone) in vitro, and Plk3-phosphorylated
GST-p53 contains a strong serine 20 epitope (Fig. 5). Fourth,
Plk3 interacts with serine 20-phosporylated p53 when cells are
exposed to Hy0, (Fig. 5C). Fifth, ectopic expression of Pk3, but
not the kinase-defective mutant PIk3%%?F, results in signifi-
cantly enhanced phosphorylation of p53 on serine 20 after
H,0, treatment.

Our studies, together with previous observations (30), sug-
gest that Plk8 may act in parallel with Chk1 and Chk2, down-
stream of ATM or ATR. Plk3 may preferentially transduce
signals generated by a specific genotoxic stress such as H,0,,
just as Chkl and Chk2 are differentially activated by UV
radiation and IR, respectively (8). The observation that serine
20 phosphorylation of p53 was not induced by H,0, in Daudi
cells that express abundant Chk2 but no detectable Plk3 sup-
ports this notion. On the other hand, given that Cdc5 acts
downstream of Rad53 in yeast (26), it is also possible that PIk3
may lie downstream of Chk2 (and/or Chk1). Plk3 may integrate
the signals from ATM-Chk2 and ATR-Chk1 and induce cell
cycle arrest or apoptosis by phosphorylating either Cde25C on
serine 216 or p53 on serine 20. Consistent with the latter
scenario, PIk3 is activated by IR-mimetic drug adriamycin and
UV radiation (data not shown) in addition to H,O,,.
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Polo-like kinase 3 (P1k3, previously termed Prk) con-
tributes to regulation of M phase of the cell cycle (Ouy-
ang, B., Pan, H., Lu, L., Li, J., Stambrook, P., Li, B., and
Dai, W, (1997) J. Biol. Chem. 272, 28646-28651). Plk3
physically interacts with Cdc25C and phosphorylates
this protein phosphatase predominantly on serine 216
(Ouyang, B., Li, W., Pan, H., Meadows, J., Hoffmann, L.,
and Dai, W. (1999) Oncogene 18, 6029-6036), suggesting
that the role of P1k3 in mitosis is mediated, at least in
part, through direct regulation of Cdc25C. Here we show
that ectopic expression of a kinase-active P1k3 (P1k3-A)
induced apoptosis. In response to DNA damage, the ki-
nase activity of Plk3 was rapidly increased in an ATM-
dependent manner, whereas that of Plkl was markedly
inhibited. Recombinant Plk3 phosphorylated in vitro a
glutathione S-transferase fusion protein containing p53,
but not glutathione S-transferase alone. Recombinant
Plk1l also phosphorylated p53 but on residues that dif-
fered from those targeted by P1k3. Co-immunoprecipita-
tion and pull-down assays demonstrated that PIk3 phys-
ically interacted with p53 and that this interaction was
enhanced upon DNA damage. In vitro kinase assays fol-
lowed by immunoblotting showed that serine 20 of p53
was a target of Plk3. Furthermore, expression of a ki-
nase-defective P1k3 mutant (P1k3%%2F) resulted in signif-
icant reduction of p53 phosphorylation on serine 20,
which was correlated with a decrease in the expression
of p21 and with a concomitant increase in cell prolifer-

- ation. These results strongly suggest that P1k3 function-

ally links DNA damage to cell cycle arrest and apoptosis
via the p53 pathway.

In mammals, DNA damage induced by ionizing radiation or
UV light is detected by two serine/threonine kinases known as
“mutated in ataxia telangiectasia” (ATM)! and “ATM-related”
(ATR) (3-5). Depending on the extent of DNA damage, cells
either undergo cell cycle arrest or initiate apoptosis, responses
that are at least partly mediated by p53 (4—8). Activated ATM
and ATR phosphorylate p53 on serine 15 (7-9), thereby con-
tributing to the activation of the tumor suppressor protein. The
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kinases Chkl and Chk2, which act downstream of ATR and
ATM, respectively (10-12), are reported to phosphorylate p53
in vitro on serine 20 (13-14); this residue is located within the
domain of the protein that interacts with HDM2, resulting in
stabilization of the normally short lived p53 protein in response
to DNA damage (15).

Polo family kinases also play a role in the DNA damage
response (11, 16, 18). Cdc5, a polo homolog in budding yeast, is
modified in its mobility on denaturing gels in response to DNA
damage, and this modification is dependent on MEC1, Rad53 (a
Chk homolog), and Rad9 (18). In addition, a functionally defec-
tive Cdeb mutant suppresses a Rad53 checkpoint defect,
whereas overexpression of Cdc overrides checkpoint-induced
cell cycle arrest (11). Moreover, DNA damage appears to inter-
fere with the activation of Plk1 in mammals, resulting in down-
regulation of the kinase activity of this protein (18). On the
other hand, expression of Plk1 mutants that are nonresponsive
to DNA damage overrides G, arrest. Mammalian PIk3 is a
structural homolog of Plk1 (19), and its expression is down-
regulated in several types of cancer (19, 20). Both Plkl and
Plk3 can rescue the temperature-sensitive phenotype of yeast
Cde5 mutants (1, 21). However, evidence indicates that Plk3
functions differently from Plk1 in regulation of cell prolifera-
tion and oncogenesis in mammalian cells (1, 2, 20). ,

We have previously shown that P1k3 phosphorylates Cde25C
on serine 216 (2), a site that is also targeted by Chk1 and Chk2
(10, 22). Phosphorylation of serine 216 of Cdc25C is inhibitory,
which is due to sequestration of the protein phosphatase in the
cytoplasm by 14-3-3 protein (24). In this report, we have pro-
vided evidence indicating that Plk3 is involved in DNA damage
checkpoint response and that it may target p53 in vivo through
regulation of phosphorylation on serine 20. A model is proposed
that explains the mechanism of action of P1k3 during genotoxic
stress-induced activation of the DNA damage checkpoint,
which results in cell cyele arrest and/or apoptosis.

EXPERIMENTAL PROCEDURES

Immunoblotting and Pull-down Assays—Various cell lines were ob-
tained from ATCC, except for the GMO00637 cell line, which was origi-
nally from the Coriell Institute for Medical Research. Cells treated with
adriamyein (100 pM) for 30 min were collected and lysed (1). Equal
amounts (50 pg) of protein lysates from various cell lines were analyzed
by SDS-polyacrylamide gel electrophoresis followed by immunoblotting
with antibodies to human P1k3 (Pharmingen) (2, 25), a-tubulin (Sigma),
and p53 (Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and Phar-
mingen). Recombinant His,-Plk3 expressed with the use of a baculovi-
ral expression system as described (2) was affinity-purified with and
subsequently conjugated to Ni**-NTA resin (Qiagen). Plk3-conjugated
Ni**-NTA resin or the resin alone was incubated for 3 h at 4 °C with
lysates (1 mg of protein) of GMO0637 cells that had been pretreated for
80 min with adriamycin. After washing of the resin, bound proteins
were eluted and subjected to SDS-polyacrylamide gel electrophoresis
and immunoblot analysis with antibodies to p53 or serine 20-phospho-
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rylated p53 (New England Biolabs). The p53 antigens were detected
with horseradish peroxidase-conjugated goat secondary antibodies (Sig-
ma) and enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech). Each experiment was repeated at least three times.

Co-immunoprecipitation Analysis—GMO00637 cell lysates (1 mg of
protein) were incubated for 30 min at room temperature in a total
volume of 500 ul with of 20 ul of protein A/G-agarose bead slurry (Santa
Cruz Biotechnology). After removal of the beads, the supernatant was
supplemented with either rabbit polyclonal (Pharmingen) or mouse mono-
clonal antibodies to p53 or with mouse monoclonal antibodies to CD45
(Pharmingen), followed by incubation for an additional 2 h at room tem-
perature or overnight at 4 °C. Protein A/G-agarose beads (20 ul) were
then added to each immunoprecipitation mixture, and the incubation was
continued for 1 h at room temperature. Immunoprecipitates were col-
lected by centrifugation, washed three times with the cell lysis buffer, and
subjected to immunoblot analysis with a monoclonal antibody to Plk3.

Immunocomplex Kinase Assays—Immunocomplex kinase assays
were performed essentially as described (1). In brief, A549 or ATM-
deficient (ATCC number CRL-7201) (23) cells were exposed to adria-
mycin for various times, lysed, and subjected to immunoprecipitation
with antibodies to Plk3 or to Plkl (Zymed Laboratories Inc.). The
resulting precipitates were resuspended in kinase buffer (10 mm Hepes-
NaOH (pH 7.4), 10 um MnCl,, 5 mm MgCl,), and the kinase reaction
was initiated by the addition of [y-*2P]ATP (2 uCi) (Amersham Phar-
macia Biotech) and either a-casein (Sigma), GST-p53, or GST. After
incubation for 30 min at 37 °C, the reaction mixtures were analyzed by
SDS-polyacrylamide gel electrophoresis and autoradiography. The
phosphorylated a-casein was quantified by densitometric scanning. Re-
combinant Hiss-Plk3, Hisg-Plk1, and His-Plk3%%2® were also assayed
for kinase activity as controls. In some kinase assays, GST-p53 or
GST-p5352°4 was incubated with Hisg-Plk3 in the kinase buffer supple-
mented with “cold” ATP. After reaction, GST-p53 and GST-p535204
were blotted for serine 20 phosphorylation. Each assay was repeated for
at least three times.

Phosphopeptide Mapping—Tryptic peptide mapping was performed
essentially as described (2, 26). In brief, 32P-labeled p53 was excised
from dried SDS-polyacrylamide gels and eluted into extraction buffer
(50 mM NH,HCO,, 0.1% SDS, 1% 2-mercaptoethanol). After removal of
debris by centrifugation, the eluted protein was supplemented with 100
ug of acetylated bovine serum albumin (Sigma) and then precipitated
by the addition of trichloroacetic acid. The protein precipitate was
recovered by centrifugation, washed once with ethanol, dissolved in
performic acid (98% formic acid, 30% H,0,; 9:1 (v/v)), and lyophilized.
The dried protein was resuspended in 50 mM NH,HCO, (pH 8.0) and
subjected to digestion with 1-1-tosylamido-2-phenylethyl chloromethyl
ketone-treated trypsin (Sigma). The resulting peptides were applied to
thin layer chromatography plates and fractionated by electrophoresis
followed by chromatography as described (26) with a Multiphor II
(Amersham Pharmacia Biotech) apparatus. The plates were then air-
dried and subjected to autoradiography. The mapping experiment was
repeated at least three times.

Transient Transfection—HeLa cells were transfected, using the Li-
pofect AMINE method (Life Technologies, Inc.), with pCR259P1k3¥52R
(1, 20), pcDNAS3-p53, pcDNA3-p5352°4, or the empty vectors (Invitro-
gen). The serine 20 mutant (serine 20 was replaced with alanine) of p53
was obtained via site-directed mutagenesis using a kit purchased from
Stratagene according to the protocol provided by the supplier. One day
after transfection, cells were treated with or without 100 um adriamycin
for 1 h. Cell lysates were prepared and blotted for Plk3, p53, or p21
expression. Two different antibodies to p53 were used. One was from
Santa Cruz Biotechnology (DO-1, the recognition epitope of which was
between residues 11 and 25), and the second one was from Pharmingen
(G59-12). To determine the effect of p53 or Plk3¥52R on overall cell
growth, HeLa cells transfected with p53, p5352°4, and/or P1k3%52F were
cultured in medium containing G418 (600 ug/ml) and maintained for 2
weeks. Colonies formed were visualized after staining with 0.125%
crystal violet solution. As an alternative method to determine cell
proliferation, triplicate transfected cells that were maintained in G418-
containing medium (600 ug/ml) for 1 week were subject to 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide reduction assay
as described (27). ODs at 570 nm were determined for each sample.
Each transfection experiment was repeated at least three times.

DNA Fragment End Labeling Assay—End labeling of DNA frag-
ments was performed using a kit purchased from Oncogene Research
Products (Boston, MA) according to the protocol provided by the man-
ufacturer. Briefly, GM00637 cells cultured on cover slides were trans-
fected with Plk3-A expression construct or with the vector alone for
18 h. The transfected cells as well as the untransfected parental cells
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were washed once with phosphate-buffered saline and then sequen-
tially fixed in 4% paraformaldehyde and 80% ethanol for 10 min each.
The fixed cells were rehydrated in Tris-buffered saline for 10 min and
then treated with proteinase K (2 mg/ml) for 4 min. The treated cells
were incubated in the labeling reaction mixture containing terminal
deoxynucleotidyl transferase at 37 °C in a humid chamber for 90 min.
After reaction, cells were stained with 4',6-diamidino-2-phenylindole (1
mg/ml) for § min. Fluorescence microscopy was performed on an Olym-
pus AT70 microscope (Spot Diagnostic Instrument), and images were
captured using a digital camera using Image System Spot RT software.
GMO00637 cells transfected with Plk3-A, Plk3%%?%, or the vector alone
for 1 day were also collected for genomic DNA isolation. The isolated
DNA (10 pg/lane) was analyzed on agarose gels.

RESULTS

Plk3 is a structurally conserved protein serine/threonine ki-
nase playing an important role in the regulation of M phase
function (1). A recent study indicates that overexpression of
Plk3 induces chromatin condensation and programmed cell
death (25). To confirm the role of P1k3 in induction of apoptosis,
we transfected GM00637 fibroblast cells with a plasmid con-
struct expressing kinase-active Plk3 (Plk3-A) (1, 2). DNA frag-
mentation analyses (Fig. 1) revealed that transfection of
Plk3-A, but not the vector alone, induced significant DNA
fragmentation, indicative of apoptosis. Transfection of
PIk3%52% jn which lysine 52 was replaced with arginine also
induced DNA fragmentation, albeit it was less significant than’
that of P1k3-A (Fig. 1B).

Recent studies have shown that phosphorylation of Cdc25C
is inhibitory (22, 24). The observations that Plk3 phosphoryl-
ates serine 216 of Cdc25C (2) and that polo family kinases
contribute to regulation of the DNA damage checkpoint (11, 18,
18) prompted us to investigate whether the kinase activity of
Plk3 is affected in cells subjected to DNA damage. Immuno-
complex kinase assays with a-casein as substrate revealed that
the kinase activity of Plk3 was increased more than 10-fold by
exposure of A549 cells to the DNA-damaging agent adriamycin
(Fig. 2, A and B). A549 cells were used because they expressed
good levels of Plk3. The activation of Plk3 in response to other
genotoxic stresses such as UV or H,0, was also detected (data
not shown). Immunoblot analysis indicated (Fig. 2A) that P1k3
antigen was not increased upon adriamycin treatment, sug-
gesting that the increase of Plk3 kinase activity was due to a
post-translational mechanism(s). Given that the kinase activ-
ity of Plk1 has been shown to be down-regulated during acti-
vation of the DNA damage checkpoint (18) and that the anti-
body to Plk3 used for our immunocomplex kinase assay did not
cross-react with human Plk1 (Fig. 2C), we measured the kinase
activities of both Plkl and P1k3 in the same A549 cells treated
with adriamycin. Whereas little endogenous Plk3 kinase activ-
ity was detected under control conditions (Fig. 2D, lane 1),
activation of Plk3 was apparent 10 min after exposure of the
cells to adriamycin; in contrast, Plk1 was constitutively active
under basal conditions (Fig. 2D, lane 4), and its activity was
markedly inhibited in response to adriamycin treatment (lanes
5 and 6). Thus, Plkl and Plk3 appear to be differentially reg-
ulated in response to DNA damage.

To examine whether the DNA damage-induced activation of
Plk3 is dependent on ATM, we exposed A549 cells that had
been pretreated with caffeine, which inhibits the kinase activ-
ities of ATM and ATR (28), to adriamycin. Caffeine not only
blocked the activation of Plk3 by adriamycin but also inhibited
the basal kinase activity of this protein (Fig. 3, A and B). To
further confirm the dependence of P1k3 activation on ATM, we
analyzed the Plk3 kinase activity in an ATM-deficient cell line
(ATCC number CRL-7201) that had been treated with adria-
mycin for various times. No increase in Plk3 activity upon DNA
damage was detected in the ATM-deficient cells (Fig. 3, C and
D, lanes 2-4).
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Fic. 1. Ectopic expression of Plk3
induces apoptosis. GMO00637 cells
transfected with the Plk3-A expression
construct or the vector were analyzed for
DNA fragmentation using a DNA frag-
ment end labeling (FragEL™") detection
kit as described under “Experimental
Procedures” (A) or via agarose gel electro-
phoresis (B). Untransfected parental cells
were also used for analyses. Representa-
tive results from three similar experi-
ments were presented.

In addition to their reported phosphorylation of p53 on serine

20 (14, 29, 30), Chkl and Chk2 phosphorylate serine 216 of

Cde25C (11, 22), phosphorylation of which is thought to be

partly responsible for G, arrest during activation of the DNA

" damage checkpoint. Given that Plk3 phosphorylates the same
residue of Cde25C (serine 216) as that targeted by Chk1 and

Chk2, we investigated whether P1k3 also phosphorylates p53 in

vitro. Recombinant histidine-tagged Plk3-A (His,s-Plk3-A)

phosphorylated GST-p53 (Fig. 44, lane 2) but not GST alone

(lane 5), indicating that Plk3 targets the p53 moiety of GST-

p53. Plk3%%2® phosphorylated GST-p53 to a greatly reduced

extent (Fig. 44, lane 3) compared with that observed with

Plk3-A (lane 2). Recombinant (Hisg)-Plkl also phosphorylated

. GST-p53 (Fig. 44, lane 9) but not GST alone (data not shown).

Unlike Hisg-Plk3, His,-Plk1 exhibited a high level of autophos-
phorylation activity (Fig. 44, lane 9).

The biological functions of mammalian Plk3 and Plk1 appear
to differ (2, 19, 20, 32, 33), although both mammalian proteins
complement Cdeh temperature-sensitive mutants of budding
yeast (1, 21). Overexpression of murine Plk1 results in onco-
genic transformation (33), whereas ectopic expression of hu-
man Pik3 inhibits cell growth by inducing apoptosis (25). Thus,
our observation that both Plk3 and Plkl phosphorylate p53
suggested that these two kinases may target different residues
of the tumor suppressor protein. Whereas p53 phosphorylated
by Plk3 yielded two major phosphopeptides in phosphopeptide
mapping analysis, p53 phosphorylated by Plkl yielded four
major phosphopeptides (Fig. 4B). Further analysis of the phos-
phopeptide maps indicated that peptides a and e were specific
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to Plk3-phosphorylated p53 and that peptides b, ¢, and d were
unique to Plkl-phosphorylated p53.

Our observation that Plk3 phosphorylates p53 in vifro sug-
gested that the two proteins might physically interact in vivo.
Co-immunoprecipitation experiments (Fig. 54) revealed that
both antibodies (from two different sources) to p53, but not
control antibodies to CD45, precipitated Plk3 from GMO00637
cell lysates. Furthermore, NiZ*-NTA resin conjugated with
Hisg-PIk3, but not NiZ*-NTA resin alone, precipitated p53 from
the cell lysates (Fig. 5B). The amount of p53 precipitated by the
Hisg-Plk3-conjugated resin was markedly increased by prior
exposure of the cells to adriamycin (Fig. 5B, lanes 3 and 4),
although treatment with this drug for 30 min did not affect the
total amount of p53 present in the cells (lanes 5 and 6). Proteins
eluted from both His,-Plk3-conjugated resin and control resin
were also blotted for the presence of phospho-p53. Fig. 5B
shows that Hisg-Plk3 resin precipitated serine 20-phosphoryl-
ated p53 and that the amount of the phosphorylated p53 pulled
down by Hisg-Plk3 was significantly increased following adria-
mycin treatment. These results thus suggest that activation of
p53 promotes its interaction with Plk3.

Chkl and Chk2, as well as Plk3, phosphorylate Cde25C in
serine 216 (2, 10, 22). The direct interaction of P1k3 with p53
and the observation that Chk1l and Chk2 also phosphorylate
p53 on serine 20 prompted us to examine whether the serine 20
residue of p53 was a phosphorylation target of Plk3. In vitro
kinase assays followed by immunoblotting showed (Fig. 5C,
lane 2) that purified GST-p53 was not recognized by an anti-
body to serine 20-phosphorylated p53. However, GST-p53 phos-
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Fic. 2. Activation of PIk3 in re- Tl t— )
sponse to DNA damage. A, A549 cells A 0 10 30 min ol
were incubated with 100 um adriamycin 123 4 >
(ADR) for the indicated times, after which —-a 9 i
cells were lysed and subjected to immu- ‘8
noprecipitation (IP) with antibodies to <
Plk3. The resulting precipitates were casein
then assayed for kinase activity with o
a-casein as substrate. Recombinant Hisg- ] 3
Plk3-A (Plk3-A) was used as a positive Kinase Assay o
control for in vitro assay of kinase activ- -
ity. The arrowheads indicate phosphoryl- b we . <P1k3 X

ated a-casein. The same A549 cell lysate
samples were also blotted with antibody
to Plk3. B, quantification of Plk3 kinase
activity as shown in A. The kinase units
are arbitrary. C, duplicate protein blots
with purified recombinant His,-Plk3-A
and Plk1, as well as A549 cell lysates,
were probed with antibodies to Plk3 and
Plk1, respectively. Recombinant Plk1 mi- C
grates slightly slower than the cellular
one due to addition of a FLAG tag at the
amino terminus. D, A549 cells were incu-
bated with 100 uM adriamyecin for the in-
dicated times, after which cells were lysed
and subjected to IP with antibodies to ei-
ther Plk3 or Plk1, as indicated. The re-
sulting precipitates were assayed for ki-
nase activity. Hisg-Plk3-A (lane 7) was
used as a control for the kinase assay.
Presented results were representative of
at least three similar experiments.
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» Plkl
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phorylated in vitro by Plk3 exhibited a strong phosphoserine 20
epitope (lane 3). Furthermore, when an equal amount of GST-
p53520A, a2 mutant in which serine 20 was replaced with ala-
nine, was used as an in vitro substrate, no phosphoserine 20
epitope was detected (Fig. 5C, lane 4). Given that p53 serine 20
phosphorylation and Plk3 activation are induced by a variety of
genome toxic stresses, these observations suggest that the ser-
ine 20 residue may be a direct in vivo target of Plk3.

To establish Plk3 serine 20 phosphorylation of p53 in vivo,
we transfected both p53 and p5352%4 expression plasmids into
HeLa cells, which constitutively express Plk3 but not p53.
Western blot analysis showed (Fig. 6A) that transfected p53,
but not p5352°A mutant protein, was constitutively phosphoryl-
ated on serine 20. DNA damage induced by adriamycin signif-
icantly enhanced serine 20 phosphorylation of the transfected
p53, indicating that the pathway leading to p53 serine 20
phosphorylation was intact, albeit endogenous p53 was inacti-
vated in this tumor cell line.

To determine the effect of change in Plk3 activity on p53
phosphorylation, HeLa cells were cotransfected with plasmid
constructs expressing p53 and Plk3%%?R, Western blot analysis
showed (Fig. 6B) that p53 was expressed and phosphorylated
on serine 20 and that expression of PIk3¥°%F significantly re-
duced the level of p53 phosphorylation on serine 20 (lane 6). To
determine the consequence of serine 20 phosphorylation of p53
on its target gene expression, we measured p21 level in cells
expressing p53 and/or the Plk3 dominant mutant. We have
consistently observed (Fig. 6B) that while little p21 was de-
tected in parental HeLa cells or cells transfected with vectors

Blot: Anti-P1lk3

Plk3

&

o B )
Blot: Anti-Plkl o
(=1}

[ S—
IP: Plkl

alone (lanes 1 and 2), ectopic expression of p53 greatly induced
p21 expression (lane 3). Expression of p5352°4 also induced p21
expression that was about 25% of that induced by wild-type p53
(lane 4). Further, expression of the Plk3%52F greatly reduced
the ability of p53 to induce p21 expression (compare lanes 3 and
6), which was consistent with the reduced serine 20 phospho-
rylation of p53 as well as p53 protein levels. These observations
thus clearly demonstrate that phosphorylation of p53 on serine
20 plays a significant role in activating p21 expression.

We then determined the colony-forming efficiency of HeLa
cells that were cotransfected with PIk3X"?F and p53. Fig. 74
shows that p53 suppressed colony formation of Hela cells.
P1k3%%2F glone also suppressed the colony formation. However,
when cotransfected with p53, PIk3¥52R significantly blocked
p53-mediated suppression of colony formation of HeLa cells.
Independent assays using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide method confirmed that P1k3K52R
effectively blocked the ability of p53 to inhibit HeLa cell pro-
liferation (Fig. 7B). It is interesting that PIk3%52% also had an
effect on p535204 in terms of cell growth, This effect was likely
to be mediated by inhibition of phosphorylation of other serine/
threonine sites by PIk8¥*?F because Plk3 phosphorylates p53
on multiple sites in vitro (Fig. 4B).

DISCUSSION

Our results demonstrate that Plk3 contributes to DNA dam-
age checkpoint activation, which is at least partly mediated by
regulating phosphorylation of p53. The adriamycin-induced ac-
tivation of Plk3 was caffeine-sensitive and not observed in

-
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Fic. 3. PIk3 activation is ATM-de-
pendent, A, A549 cells were preincu-
bated with vehicle (medium) or § um caf-
feine for 2 h and then incubated with 100
M adriamyecin for 30 min. PIk3 immuno-
precipitates were then prepared and as-
sayed for kinase activity. B, quantifica-
tion of Plk3 kinase activity as shown in A.
Units are arbitrary. C, an ATM-deficient
cell line CRL-7201 was treated with 100
pM adriamycin for the indicated times, - B
and Plk3 proteins immunoprecipitated
from the freated cells were assayed for
‘kinase activity. His6-Plk3-A was used as

a control (lane I). D, quantification of 5 20
Plk3 kinase activity as shown in C. Units fort
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Fic. 4. Phosphorylation of p53 on different residues by Plk3-A
and PIk1. A, recombinant Hiss-Plk3-A, His-Plk3%%*F and Plkl were
assayed for kinase activity with GST-p53 as substrate. c-casein and
GST were used as positive and negative control substrates, respec-
tively. B, two-dimensional analysis of 3?P-labeled tryptic peptides de-
rived from GST-p53 phosphorylated in vitro by either His,-Plk3-A (left
panel) or Hisg-Plkl (middle panel), or mixed samples (right panel). The
directions of electrophoresis {¢) and chromatography {(¢) are indicated,
as is the origin (o).

ATM-deficient cells, indicating the participation of ATM. Phos-
phorylation is thought fo play an important role in regulation
of the stability and activity of p53. This study suggests that
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serine 20 of p53 may be an in vivo target of Plk3 during DNA
damage checkpoint activation because recombinant Plk3 phos-
phorylates p53 in viiro, resulting in a strong phosphoserine 20
epitope (Fig. 5C) and because it also interacts with serine
20-phosphorylated p53. Furthermore, expression of PIk3%52F in
HeLa cells results in decreased phosphorylation of cotrans-
fected p53 on serine 20, which was correlated with a significant
reduction in p21 expression (Fig. 6B) with a concomitant in-
crease in cell proliferation (Fig. 7). .

Together with previous observations (2), our data suggest a
simple and somewhat redundant set of mechanisms for DNA
damage-induced signal transduction between ATM or ATR and
effector molecules, resulting in cell cycle arrest and apoptosis
(Fig. 8). According to this model, Plk3 may act in parallel with
Chk1 and Chk2, downstream of ATM or ATR. It is possible that
PIk3 preferentially transduces signals generated by a specific
genotoxic stress, just as Chkl and Chk2 are differentially ac-
tivated by UV radiation and ionizing radiation, respectively (6).
Alternatively, P1k3 may be activated by Chk2 (and/or Chk1),
given that Cdcb acts downstream of Rad58 in yeast (16). Plk3
may thus integrate the signals from ATM-Chk2 and ATR-Chk1
and induce cell cycle arrest or apoptosis by phosphorylating
both p53 and Cdc25C. Consistent with this second scenario,
P1k3 is activated by the ionizing radiation-mimetic drug adria-
mycin, UV radiation, and oxidative stress.?

A third possibility also exists to explain our observations;
namely Chkl and Chk2 preferentially target serine 20 of p53.
In this case, p53, phosphorylated on serine 20 by Chkl and
Chk2, interacts with high affinity to Plk3, resulting in phos-
phorylation of p53 on additional sites. This would also place
Plk3 downstream of Chk1/Chk2 in the DNA damage check-
point pathway. It is possible that phosphorylation of p53 on
other sites enforces the DNA damage checkpoint, but is not
absolutely required. Although we observed that PIk3¥52F ex-
pression reduced levels of serine 20 phosphorylation of p53,
overexpression of this mutant protein may result in more effi-
cient interaction with p53, potentially blocking access of p53 to

2 8. Xie, H. Wu, Q. Wang, and W. Dai, unpublished data.
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Fic. 5. P1k3 interacts with p53 and phosphorylates the tumor suppressor protein on serine 20. A, lysates from GM00637 cells were
subjected to immunoprecipitation (IP) with polyclonal (lanes 1 and 2) or monoclonal (lanes § and ) antibodies to pb53 or with monoclonal antibodies
to CD45 as a negative control (lanes 3 and 4). The positions of bands corresponding to Plk3 and immunoglobulin G (IgG) are indicated. B,
His;-Plk3-A immobilized on Ni**-NTA resin (lanes 3 and 4) or resin alone (lanes I and 2) was incubated with lysates of GM00637 cells that had
been pretreated for 30 min with (lanes 2 and 4) or without (lanes I and 3) adriamycin. Proteins that interacted specifically with the His,-Plk3-
A-conjugated resin or resin alone were eluted and subjected to immunoblot analysis with antibodies to p53 or serine 20-phosphorylated p53. 50 ug
of the cell lysates were also directly subjected to immunoblot analysis (lanes 5 and 6). C, GST-p53 and GST-p5352°4 were incubated in vitro in the
kinase buffer with Hisg-Plk3-A, and the phosphorylated proteins (lanes 8 and 4) as well as the nonphosphorylated GST-p53 (lane 2) were subject
to immunoblot analysis with antibodies to serine 20-phosphorylated p53. Lysates from GM00637 cells treated with or without adriamycin were
used as controls for immunoblotting. D, the blot as shown in C was stained with Coomassie Blue as a loading control. Some degradations of

GST-p53 were observed. The results are representative of three similar experiments.

F1c. 6. A, HeLa cells transfected with
p53, p5352°A, or vector were treated with
or without adriamycin for 30 min. Cell

lysates were then analyzed for serine 20- p53 -
phosphorylated p53 as well as total p53. p53szoA _
The antibody to p53 recognized an epitope pCR259 -
between residues 11 and 25 (Santa Cruz ADR -

Biotechnology). Thus, serine 20 mutation
significantly compromised the detection.
B, Hela cells were cotransfected with
various expression plasmids for 24 h as
indicated. Cell lysates were collected and
blotted for Plk3, serine 20-phosphoryl-
ated p53, total p53, and p21. Recognition
of total p53 by the p53 antibody (Phar-
mingen) was not affected by the serine 20
mutation. The results were representa-
tive of three independent experiments.

Chk1 or Chk2. Therefore, the in vivo role of P1k3 in regulating
serine 20 phosphorylation remains to be established, which
would require obtaining Pik3 null cells.

Several other residues of p53 are potential sites of phospho-
rylation by P1k3. Phosphorylation of threonine 18 is induced by
DNA damage, and a casein kinase 1-like enzyme is thought to
phosphorylate this residue in A549 cells (31). However, the
identity of this casein kinase 1-like enzyme is unknown. Given
that Plk3, a casein-phosphorylating kinase, is activated by
DNA damage, P1k3 may also target threonine 18 of p53. More-
over, given the apoptosis-inducing function of Plk3 (Fig. 1) and
the observations both that residues 43—63 of p53 are necessary
for induction of apoptosis by p53 (23) and that serine 46 phos-
phorylation is important for the transactivation of apoptosis-
inducing genes by p53 (17), serine 46 may be another potential
site of phosphorylation of p53 by Plk3.

Overexpression of P1k3-A induced a significant level of DNA
fragmentation in GM00637 cells (Fig. 1), which is consistent

pecDNA3 - + + + - = -
PCR259 -~ 4 - - ¢ = =~
P1k3*5%® - - - - 4 + &
p53 L S
b - e -4 - p5a®2®  _ L L,
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2 5678 <P Lk3%S2R
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with an early finding that Plk3 induces chromatin condensa-
tion and apoptosis (25). Given that p53 is an in vitro substrate
of P1k3-A, it is reasonable to predict that Plk3-induced apopto-
sis may be mediated through phosphorylation and activation of
p53. However, we were unable to detect enhanced serine 20
phosphorylation of p53 in HeLa cells cotransfected with Plk3-A
and p53 expression constructs (data not shown). One explana-
tion for this discrepancy is that the Plk3-A clone is missing a
short nucleotide sequence encoding about 30 amino acid resi-
dues at the amino terminus when compared with that of mu-
rine counterpart (19). Although it is active in vitro, Plk3-A may
be much less so than the cellular P1k3 toward in vivo targets.
Thus, it is possible that P1k3-A may not behave as a “wild-type”
protein in vivo, resulting in only a partial response to the
upstream activators. Alternatively, HeLa cells may lack a co-
factor(s) that is required for activation of Plk3, or the pathway
leading activation of Plk3 is compromised.

It is interesting to note that P1k3%%?F also suppressed colony
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P1k3K52R

Fic. 7. PIk3%52F blocks p53-medi-
ated suppression of cell prolifera-
tion. A, Hela cells transfected with p53,
p5352°A and/or P1k3%5?R expression con-
structs were cultured in medium contain-
ing (G418. Colonies were visualized after
staining with crystal violet after 2 weeks’
incubation. B, HeLa cells transfected with-
p53, p535204 “and/or Plk3¥5?® expression
constructs were cultured in the medium
containing G418. After 1 week’s incuba-
tion, cell proliferation rate was measured
by the 3-(4,5-dimethylthiazol-2-y1)-2,5-di-
phenyltetrazolium bromide assay. Rela-
tive growth rates (4,,,) were summarized
from three independent experiments.
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formation (Fig. 7), which may be partly due to the fact that this
mutant protein retains some residual kinase activities toward
p53 (Fig. 4A) and other in vitro substrates such as Cde25C (2)
and a-casein.? Given that Plk3-A differs from P1k3¥5%E by only
one amino acid (Iysine 52) and that i is more efficient than
PIk3%52F in inducing cell cyele arrest and apoptosis (Fig. 1B),?
it is reasonable to conclude that the kinase activity of Plk3 is
involved in the regulation of cell proliferation. On the other
hand, as shown by the study of Conn et al. (25), the COOH-
terminal half of Plk3 also plays an important role in induction
of apoptosis. In addition, our recent studies indicate that Plk3
is concentrated at the centrosomal region during interphase
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and that Plk3 appears to be involved in the '}:egulatian of
microtubule dynamics as well as centrosome function.® There-

fore, P1k3 may regulate cell proliferation through multiple
mechanisms.
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PRK, é Cell Cycle Gene Localized to 8p2l, s
Downregulated in Head and Neck Cancer
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The human PRK gene encodes a protein serine/threonine kinase of the polo family and plays an essential role in regulating
meiosis and mitosis. We have previously shown that PRK expression is downregulated in a significant fraction of lung
carcinomas. Our current studies reveal that PRK mRNA expression is downregulated in a majority (26 out of 35 patients) of
primary head and neck squamous-cell carcinomas (HNSCC) compared with adjacent uninvolved tissues from the same patients,
regardless of stage. In addition, PRK transcripts were undetectable in one of the two HNSCC cell lines analyzed. Ectopic
expression of PRK, but not a PRK deletion construct, in transformed A549 fibroblast cells suppresses their proliferation.
Furthermore, fluorescence in situ hybridization analyses show that the PRK gene localizes to chromosome band 8p21, a region
that exhibits a high frequency of loss of heterozygosity in a variety of human cancers, including head and neck cancers, and that is
proposed to contain two putative tumor suppressor genes. Considering that PRK plays an important role in the regulation of the
G2/M transition and cell cycle progression, our current studies suggest that deregulated expression of PRK may contribute to

tumor development. Genes Chromosomes Cancer 27:332-336, 2000.

In the past few years, an emerging family of protein
kinases {designated the polo kinase family) has
been described in yeast, Drosophila, Xenopus, mouse,
and humans (Sunkel and Glover, 1988; Simmons et
al., 1992; Fenton and Glover, 1993; Kitada et al,,
1993; Golsteyn et al., 1994; Hamanaka et al., 1994;
Donahue et al., 1995; Li et al., 1996; Nigg, 1998).
The polo family kinases are important in regulating
the onset of mitosis and M-phase progression
(Sunkel and Glover, 1988; Fenton and Glover,
1993; Kitada et al., 1993; Nigg, 1998). Mutants of
the polo gene in Drosophila induce hypercondensed
chromosomes and abnormal spindle formation (Fen-
ton and Glover, 1993). A polo homolog encoded by
CDC5 in budding veast is required for nuclear
division in late mitosis (Kitada et al., 1993) and for
adaptation to DNA damage response (Toczyski et
al., 1997). Recently, it has been shown that a
polo-like kinase (PLX) from Xenopus interacts with,
phosphorylates, and activates the CDC25 gene prod-
uct (Kumagai and Dunphy, 1996), a dual specific
protein phosphatase that, in turn, activates p34cde2,
Significantly, PRK protein shares considerable se-
quence identity with the CDC5 gene product and is
capable of complementing yeast CDC5 temperature-
sensitive mutants (Ouyang et al., 1997), suggesting
that it is a functional homolog of the budding veast
CDC5.

© 2000 Wiley-Liss, Inc.

© 2000 Wiley-Liss, Inc.

Neoplastic disease is characterized by a loss of
controlled cell proliferation. Deregulated expres-
sion of and/or mutations in cell cycle regulatory
molecules such as cyclin D1, p16™NK4 and RB1
place cells at risk for neoplastic transformation
(Sherr, 1996). Cyclin D1, p16INK4A and RB1 partici-
pate in regulating the G1 checkpoint and are critical
for maintaining the balance between remaining in
G1/GO and commitment to entry into S-phase.
Mutations and aberrant expression of genes regulat-
ing stages of the cell cycle other than G1i are also
found in human cancers. For example, overexpres-
sion of cyclin E or cyclin Bl is detected in breast,
stomach, endometrium, and colon carcinomas as
well as in acute lymphocytic leukemia (Hunter and
Pines, 1994; Kamb, 1995). In addition, TP53, a
major tumor suppressor known to regulate the G1/S
checkpoint, has recently been shown also to be
involved in controlling the G2/M checkpoint (Her-
meking et al., 1997). Furthermore, the CHK/ gene
product, a serine/threonine kinase, functions as a
key component that links the DNA damage check-
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point to mitotic arrest (Peng et al., 1997; Sanchez et
al., 1997). The human CHKI gene has been mapped
to 11g24 (Peng et al., 1997), a locus that has been
shown to contain a potential tumor suppressor

- {Laake and Odegard, 1997).

We have previously shown that PRK expression
is downregulated in a significant fraction of lung
carcinoma samples (Li et al., 1996), suggesting its
potential role in regulation of tumor cell growth. To
address whether the PRK gene is located at a
chromosomal locus linked to known human dis-
ease, we first obtained from a A-phage human
genomic library a 15-kbp PRK gene fragment that
was used for mapping the PRK gene via the
fluorescence in situ hybridization (FISH) method.
FISH was performed essentially as previously de-
scribed (Heng et al., 1992; Heng and Tsui, 1993).
Metaphase-arrested lymphocytes were used for
analyses. The hybridization efficiency for the PRK
probe was about 94%, and consistent signals were
restricted to chromosome arm 8p and were not
detected at other chromosomal regions under the
conditions used. An example of the FISH results is
shown in Figure 1A and B. The DAPI banding
pattern was recorded separately. The assignment of
the FISH mapping data with chromosome bands
was achieved by superimposing of the PRK signals
with the same DAPI-banded chromosome, placing
the PRK gene at 8p21 (Fig. 1C).

Deletions of chromosome arm 8p, as defined by
allelic imbalance, are a frequent event in many
types of cancers such as those of prostate, head and
neck, lung, and colon. This suggests that there
exists one (or more) tumor suppressor gene on this
chromosome arm. Considering that the steady-state
PRK mRNA levels are significantly lower in many
lung carcinoma samples than in their normal tissue
counterparts from the same patients (Li et al.,
1996), we asked whether PRK expression was also
downregulated in some other tumors such as head
and neck squamous-cell carcinoma (HNSCC). To
this end, 35 HNSCC samples, collected from pa-
tients who underwent surgery between October
1992 and March 1995, were used for analyses.
Tissues were obtained immediately after surgery
and dissected free of necrotic tissues. One part of
each specimen was frozen in liquid nitrogen imme-
diately after removal for further RNA study. Nor-
mal tissues were taken at least 2 cm away from the
tumor, at the resection margin. All specimens and
hematoxylin and eosin-stained histologic slides were
reviewed by pathologists to identify normal and
tumor areas. Histologic examination confirmed that
the specimens were comprised of more than 95%
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Figure . The PRK gene localizes to 8p21. A: The FISH signals {two
yellow dots} on chromosome 8. B: The same mitotic figure as shown in
A was stained with DAPI, which localizes the PRK gene to chromosome
8, subband p21. C: Diagram of FISH mapping results for the PRK gene.
Dots represent the intensity of the signal detected on chromosome 8.
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tumor cells. Adjacent normal mucosa was also
available from each patient. Normal tissues were
also evaluated histologically and found to have at
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least 95% normal cells. The patients with primary
tumors had not received any radiotherapy or chemo-
therapy. The patients included 26 males and 9
females and had an average age of 56 years (ranging
from 31 to 81 years). Of the 35 HNSCC samples
used in this study, 30 were primary and 5 were
recurrent carcinomas. The primary HNSCCs in-
cluded 2 stage 1, 9 stage 11, 11 stage I, and 8 stage
IV carcinomas. Tumor sites included the orophar-
ynx (10 patients), oral cavity (10 patients), hypophar-
ynx (2 patients), parapharyngeal space (1 patient),
tongue (2 patients), subglottis (1 patient), and
supraglottis (9 patients). Histologically, 7 tumors
were well differentiated, 24 were moderately differ-
entiated, and 4 were poorly differentiated. North-
ern blotting analyses revealed that, although the
steady-state level of PRK mRNA varicd greatly
among individual patients (Fig. 2A and B), the
tumors (odd lanes) consistently expressed less or no
detectable PRK mRNA levels compared with adja-
cent uninvolved tissues (even lanes) from the same
patients. A summary of PRK expression for the 35
HNSCC samples is presented in ‘Table 1. Expres-
sion of PRK was undetectable in tumor as well as
paired uninvolved samples in four patients. Twenty-
six tumor samples showed a significant downregula-
tion of the PRK mRNA level compared with the
uninvolved tissues from the same patients. Down-
regulation of PRK expression does not appear to be
associated with tumor stage. Among patients with
recurrent tumors, one carcinoma sample showed a
significant increase in PRK mRNA expression. All
specimens were examined for histology, which
revealed that although they were comprised pre-
dominantly of tumor cells (about 95%), there was
some tissue heterogeneity in all samples (data not
shown). Many of the tissues samples used in this
report were also used for analysis of 7P53 and RB
expression (Li et al., 1995, 1997).

We further analyzed two squamous-cell carci-
noma cell lines derived from head and neck cancers
(UN-SCC29 and UM-SCC6), as well as several
other tumor-derived cell lines, for PRK expression.
Cell lines derived from solid tumors included A549
(transformed lung fibroblast, ATCC), Weri-Rb1
(retinoblastoma, ATCC), UM-SCC29 (head and
neck carcinoma), UM-SCC6 (head and neck carci-
noma), an endothelium tumor-derived cell line
(established in-house), a medulla blastoma-derived
cell line (established in-house), and HTP-1 (blad-
der carcinoma, ATCC). UM-SCC6 and UM-SCC27
cell lines were kindly provided by Dr. Thomas
Carey (University of Michigan, Ann Arbor, MI).
Two additional cell lines of hematopoietic origin
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Figure 2. Northern blot analyses of PRK mRNA expression. Three
examples of paired RNA samples from HNSCC patients were analyzed
for PRK (A) or B-actin (B) expression. T stands for tumor-derived RNA
and N for uninvolved normal tissues from the same patient. RNAs from
various tumor-derived cell lines were analyzed for PRK (C) and B-actin
(D) expression. UM-SCC29 and UM-SCC6 are two cell lines established
from HNSCC samples.

TABLE I. PRK Gene Expression in Head and Neck Squamous-
Cell Carcinoma Patients

RNA expression
Not

Stage detected Unchanged Increased Decreased
Primary tumor

I 2

I 2 7

I 2 1 8

v | 2 5
Recurrence | 4

Total (35) 5(14%) 3(85%) |1(28%) 26(74%)

(HEL, erythroleukemia, and Dami, megakaryoblas-
tic leukemia) were also used for analyses. Adherent
cell lines were cultured to about 80% confluence
before harvesting for RNA analysis. Suspension cell
lines were seeded at 2 X 105/m! and collected for
RNA analysis when the cells were in logarithmic

——



- .

DOWNREGULATION OF PRK IN HUMAN CANCER 335

growth phase. All cell lines were cultured in media
containing 10% fetal calf serum. Northern blotting
showed that PRK expression varied greatly among
the cell lines analyzed (Fig. 2C and D). Little PRK
expression was detected in UM-SCC29 (Fig. 2C,
lane 5), whereas there was a moderate level of PRK
expression in UM-SCC6. In contrast, the levels of
PRK expression were very high in cell line HEL
(Fig. 2C, lane 4). Interestingly, abnormal PRK
transcripts {(~ 2.9 kb) were detected in cell line
Weri-RB1 (Fig. 2C, lane 2).

To determine whether deregulated PRK expres-
sion affected cell proliferation, we transfected A549
cells with expression constructs that encode either
the full length (pcDNA3-PRK) or the short form
{kinase inactive, pcDNA3-PRK-St) of PRK or with
the vector alone (pcDNA3, Clontech, Palo Alto,
CA) using lipofectamine (Gibco-BRL, Grand Is-
land, NY) as a transfecting vehicle. The short form
of PRK was obtained by removal of 23 N-terminal
amino acid residues immediately after the methio-
nine residue (Li et al., 1996). Stable transfectants
were pooled, and an equal number of stably trans-
fected cells were cultured in medium containing
G418 (250 pg/ml). After 4 days of culture, A549
cells transfected with PRK cDNA grew much more
slowly compared with those transfected with the
vector alone or with the short form of PRK (Fig.
3A). Total RNA from each transfected population
was also analyzed for PRK expression by Northern
blotting. Because Dami cells express high levels of
PRK transcript, DAMI cell RNA was used as a
positive control. The near-full-length PRK cDNA
(Fig. 3B, lane 4) was expressed as expected after
transfection into A549 cells. Because the near-full-
length PRK c¢DNA contains neither 5’ nontrans-
lated sequence nor 3’ nontranslated sequence en-
compassing mRNA-destabilizing (AT TTA) motifs,
the expressed PRK mRNA in transfected cells is
shorter (Fig. 3B, lane 4) than its full-length cellular
counterpart {lane 1). The proliferation experiment
was repeated three times and similar results were
obtained. In addition, inhibition of cell growth by
constitutive PRK expression was also observed with
GMO00637D cells {(data not shown).

The PRK gene encodes a protein of the polo
kinase family (Li et al., 1996) whose members play
a major role in regulating the G2/M checkpoint or
mitotic progression (Fenton and Glover, 1993;
Kitada et al., 1993; Kumagai and Dunphy, 1996).
We have previously shown that the PRK protein
level and its kinase activity are tightly regulated
during the cell cycle (Ouyang et al., 1997). Many
cell eycle regulatory genes (RBI, pl6) or cell cycle
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Figure 3. Inhibition of cell proliferation by constitutive expression of
PRK. A: An equal number of A549 cells stably transfected with a
full-length PRK cDNA (Prk), a truncated PRK cDNA (Prk-5t), or the
vector (CNTL) were seeded in culture plates. After 7 days’ culture,
overall growth patterns for each were recorded. B: Total RNAs from
stably transfected A549 cells (lanes 2-4) were analyzed for PRK
expression. Lane | denotes total RNA from megakaryoblastic leukemia

Dami cells. C: Ethidium bromide staining of the RNA gel showninBasa
loading control.

checkpoint control genes (7P53, ATM) play a piv-
otal role in maintaining negative regulation of cell
growth. Inactivation of these genes due to muta-
tion, deletion, or their down-regulation often leads
to malignant transformation (Sherr, 1996; Xu et al.,
1997). We have reported that PRK expression is
downregulated in a majority of lung carcinoma
samples (Li et al., 1997). In the current study, we
show that PRK is also downregulated in HNSCC,
suggesting that compromised expression of PRK is
correlated with the development of malignancy.
Our FISH study reveals that the PRK gene localizes
to 8p21, a chromosome locus that undergoes LOH
in many types of human cancer, including HNSCC
and lung carcinomas (Spurr et al., 1995; Bockmuhl
et al., 1998), and that appears to harbor two putative
tumor suppressor genes (Spurr et al,, 1995; Imbert
et al., 1996). Considering that constitutive expres-
sion of PRK significantly suppresses the prolifera-
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tion of transformed lung fibroblast cells, it is tempt-
ing to speculate that the PRK gene may play an
important role in regulating the rate of cell prolifera-
tion. Several genes, such as p/6 involved in nega-
tive regulation of cell proliferation, are significantly
downregulated in many types of cancer (Sherr,
1996), and hypermethylation of the p76 gene pro-
moter is the primary mechanism that renders the
gene transcriptionally inactive in tumors (Tasaka et
al., 1998). Thus, it would be of considerable interest
to examine whether hypermethylation plays a role
in downregulating PRK expression in HNSCC as
well as lung carcinoma patients.

The mechanism by which PRK, when overex-
pressed, exerts its antiproliferation effect remains
unclear. It is interesting that PLK is capablc of
malignant transformation of mammalian cells when
overexpressed (Smith et al,, 1997). Constitutive
expression of PLK in NIH3T3 cells causes forma-
tion of oncogenic foci that grow in soft agar and
form tumors in nude mice (Smith et al., 1997). It is
possible that PRK has a dual function by sensing
the completion of genome duplication and initiat-
ing mitosis because its kinase activity peaks at late
S and G2. If the PRK gene function is compromised
and the above processes become uncoupled, the
cell would undergo premature mitosis with an
incompletely duplicated genome. This will lead to
genome instability and predispose the cell to onco-
genic transformation.
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‘Abstract

PLK3/PRK, a conserved polo family protein serine/threonine kinase, plays a
significant role at the onset of mitosis and mitotic progression. Recently,
PLK3/PRK has been shown to induce apoptosis when overexpressed in cell lines and is
also implicated in cell proliferation and tumor development. Forty lung tumor cell

~ lines were used for single-strand confirmation polymorphism (SSCP) analysis and DNA
‘sequencing to examine the mutational status of PLK3/PRK. No missense or nonsense
~mutations were revealed in the lung carcinoma cell lines examined. However, three

. polymorphisms were identified as: a G to A at position 720, an A to G at 1053, and
a G to C at 1275. Intron/exon boundaries were determined by amplification of
-genomic DNA with PLK3/PRK exon-specific primers. The amplification products with
increased size relative to the cDNA were sequenced. Fifteen exons throughout the

- open reading frame were characterized. None of the introns were exceptionally ,
large, typically ranging from 100-300 basepairs in length. These results suggest
that although PLK3/PRK expression is downregulated in a majority of lung carcinoma
samples, mutational inactivation of the coding sequence of the PLK3/PRK gene
_appears to be a rare event in lung cancer. © 2001 Wiley-Liss, Inc.

k http://www3.intérscience.wileyﬁcom/cgi~bin/ab$tract/85515764/START 12/11/2032‘
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PLK3/PRK, a conserved polo family protein serine/threonine

kinase, plays a significant role at the onset of mitosis and v

§§§2§§c“me“$ mitotic progression. Recently, PLK3/PRK has been shown to
; TOXNET§W3¥ induce apoptosis when overexpressed in cell lines and is also
- Consumer Health - implicated in cell proliferation and tumor development. Forty
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PubMed Central polymorphism (SSCP) analysis and DNA sequencing to examine the
- « mutational status of PLK3/PRK. No missense or nonsense
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“examined. However, three polymorphisms were identified as: a (

to A at position 720, an A to G at 1053, and a G to C at 1275.
Intron/exon boundaries were determined by amplification of
genomic DNA with PLK3/PRK exon-specific primers. The

-amplification products with increased size relative to the

cDNA were sequenced. Fifteen exons throughout the open reading
frame were characterized. None of the introns were ‘

- exceptionally large, typically ranging from 100-300 basepairs
~in length. These results suggest that although PLK3/PRK

expression is downregulated in a majority of lung carcinoma
samples, mutational inactivation of the coding sequence of the

PLK3/PRK gene appears to be a rare event in lung cancer.
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