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Fig. 4. NEDL1-dependent ubiquitination and degradation of
mutant forms of SODI1 correlate broadly with their respective
clinical phenotypes. A, NEDL1 ubiguitinates mutant SOD1 in a
mutant type-dependent manner. COS-7 cells were transiently cotrans-
fected with the indicated expression plasmids. Whole cell lysates from
transfected COS-7 cells were immunoprecipitated with anti-Myc anti-
body, and immunoprecipitates were analyzed by Western blotting with
anti-ubiquitin (IJB) antibody {upper panel). The bracket indicates slowly
migrating ubiquitinated forms of SOD1. Whole cell lysates were ana-
lyzed by immunoblotting with anti-NEDL1 antibody to confirm the
expression of transfected NEDLI {{ower panel). The running positions
of molecular weight markers are indicated on the left. B, half-lives of
wild-type (WT) and mutant SOD1 proteins in the presence or absence of
NEDLI1. Cell lysates were harvested from Neuro2a cells transfected
with SOD{ alone or with SOD1 plus NEDLI at different time points as
indicated after the addition of cycloheximide (CHX; final concentration
of 50 ug/ml) and were analyzed for SOD1 protein levels by Western
blotting with anti-FLAG antibody. In the presence of NEDLIL, the
half-lives of various mutant SOD1 proteins were reduced also roughly
dependent on the disease severity of FALS (A4V > G83A > H4ER).

wild-type). Thus, NEDL1 targeted mutant SOD1 for ubiquitin-
mediated degradation in the cell in parallel with the binding
intensity.

Immunohistochemistry—QOne of the characteristic cytopatho-
logical changes of mutant SOD1-linked FALS is the formation
of neuronal Lewy body-like hyaline inclusions (LBHIs) that
contain aggregates of SOD1 and ubiquitin (24). We therefore
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Fic. 5. NEDL) immunohistochemical analyses. 4, immunohisto-
chemical analysis of NEDL1 in normal human spinal cord. NEDL1-
positive anterior horn cells are evident (arrow), although the immuno-
reactivity for NEDLL is somewhat faint. There was no counterstaining.
Magnification X520, B, NEDL1 immunchistochemistry in normal
mouse spinal cord. Normal anterior horn cells are positive for NEDL1
(arrow). The section was counterstained with hematoxylin, Magnifica-
tion X750, C, immunostaining for NEDL1 in spinal cord LBHIs from an
FALS patient with a frameshift 126 mutation in the SODI gene. The
NEDLI1-positive reaction products were mostly restricted to the cores of
the core and halo-type LBHIs (arrowheads). In the LBHI-bearing neu-
rons and residual neurons, the antibody to NEDL1 also stained the
neuronal cell body. There was no counterstaining. Magnification X540,
D, NEDL1 immunostaining in a spinal cord LBHI from an SOD1(H46R)
transgenic mouse, An ili defined LBHI in the SODI(H46R) transgenic
mouse was positive for NEDL1; this ill defined LBHI shows a diffuse
staining pattern {(arrowhead). The staining intensity in the residual
neurons stained by anti-NEDL1 aatibedy varied from neuron to neu-
ron. The section was counterstained with hematoxylin, Magnification
xT70.

performed immunostaining to determine whether the NEDL1
protein is included within the LBHIs of the spinal cord motor
neurons obtained from two siblings with FALS caused by
frameshift 126 mutation of SOD1 (11, 12). One case had neu-
ropathological findings compatible with FALS with posterior
eoclumn involvement, whereas the other had multisystem de-
generation in addition to motor neuron disturbance. We also
performed NEDL1 immunostaining in specimens obtained
from mutant SODI(H46R) transgenic mice at 180 days, by
which time they show clinical motor signs in the hind limbs
(13). The specificity of the NEDL1 staining was confirmed by
pretreating the specimens with an excess of NEDLI antigen.
NEDL1 immunoreactivity in the spinal cords of the human
control cases was identical to that of normal mice: immunore-
activity was identified predominantly in the cytoplasm of the
neurons of the spinal cords (Fig. 5, A and B). The LBHIs in the
anterior horn cells of two FALS patients and transgenic mice
showed equivalent immuncreactivity for NEDL1. Although the
intensity of NEDL1 immunoreactivity in neuronal LBHIs var-
ied, most of the LBHIs were immunoreactive for NEDL1 (Fig.
5, C and D). The reaction products were generally restricted to
the cores of the core and halo-type LBHIs that showed eosino-
philic cores with pale peripheral halos upon hematoxylin and
eosin staining (Fig. 5C); by contrast, immunopositive NEDL1
in ill defined LBHIs was distributed throughout the inclusions
(Fig. 50). NEDL1 immunoreactivity in the residual neurons in
humans and mice was identified primarily in cell bodies, Thus,
NEDL1 immunostaining was clearly positive in the FALS-
related LBHIs that were also positive for ubiquitin and SOD1
(data not shown).

NEDL1 Targets Dishevelled-1 for Ubiquitin-mediated Pro-
tein Degradation—We next hypothesized that the physiological
function of NEDL1 to mediate ubiquitination is interfered with
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F16. 6. Dvll is a substrate of NEDL1, and its functions are disturbed by mutant SOD1(A4V). A, schematic illustration of full-length Dvl1l
and three clones obtained by yeast two-hybrid screening. Human DvI1 consists of 870 amino acids and contains three conserved domains, including
the DIX, PDZ, and DEP domains. Between the DEP domain and the C-terminal end, there are three proline-rich clusters, which might act as WW
domain recognition sites, All three clones (clones 2-13, 1-56, 1-77) contain the DEP domain and these clusters. B, NEDL1 interacts with Dvll,
Mye-tagged Dvll was overexpressed together with NEDL1 in Neuro2a cells. Whole cell lysates were immunoprecipitated (IP) with anti-NEDIL1
antibody, followed by immunoblotting (IB) with anti-Myc antibedy (upper panel). The expression levels of Myc-tagged Dvii were analyzed by
immunoblotting using anti-Myc antibody (lower panel). C, NEDL1 ubiquitinates Dv11 in Neuro2a cells. The cells were transiently transfected with
the indicated expression plasmids along with the ubiquitin expression plasmid in the presence or absence of the expression plasmid for
ZPRESS-tagged NEDL1. Whole cell lysates were immunoprecipitated with anti-Mye antibody and then immunoblotted with anti-ubiquitin
antibody (left panel}. The ladder of bands denoted by the bracket appeared to be ubiquitinated Dvil. The expression of XPRESS-NEDL1 was
analyzed by immunoblotting using anti-XPRESS antibody. The membrane was reprobed with anti-Mye antibody (right panel). D, DvI1 is degraded
by NEDL1. Neuro2a cells were transfected with the expression plasmid for FLAG-tagged Dvl1 with or without the NEDLI expression plasmid.
Transfected cells were harvested at different time points as indicated after the addition of cycloheximide (CHX; final concentration of 50 ug/ml),
and Dvl1 protein levels were analyzed by Western blotting with anti-FLAG antibedy. In the presence of NEDLL1, the half-lives of FLAG-Dv]1 were
significantly reduced. £, Dvl1 binds to mutant SOD1(A4V), and the degree of its binding is enhanced in the presence of NEDL1. Whole cell lysates
prepared from COS-7 cells transfected with the indicated combinations of expression plasmids were subjected to immunoprecipitation and Western
analyses as indicated. F, c-Jun phosphorylation by overexpression of Twl1 is suppressed upon coexpression of mutant SOD1(A4V). Whale cell
lysates from COS-7 cells transfected with the indicated combinations of expression plasmids were subjected to Western blotting with antibody
against the phosphorylated form of c-Jun (upper panel) or with anti-c-Jun antibody (lower panel). wi/WT, wild-type.

by mutant SOD1. To test this hypothesis, we again performed proline-rich clusters unique to mammalian Dvll, which pre-
yeast two-hybrid screening to obtain NEDL1-interacting mol- sumably act as the WW domain recognition sites. All three
ecules using the large region of NEDL1 (amino acids 382-1448)  clones (clones 2-13, 1-56, and 1-77) contain the DEP domain
as bait. Of 396 His and B-galactosidase double-positive clones, and proline-rich clusters, suggesting that NEDLI interacted
282 clones were subjected to DNA sequencing, and we identi- with Dvll in the C-terminal half (Fig. 64). In Neuro2a cells,
fied Dvll (three clones). Human Dvll is a 670-amino acid NEDL1 co-immunoprecipitated with Dvl1 (Fig. 6B) and ubig-
protein with three conserved domains: a DIX domain, which is  uitinated it for degradation (Fig. 6, C and D). Thus, Dvll may
required for canonical Wnt/T-cell factor signaling; a PDZ do- be one of the physiological targets of NEDL1 E3. As recent
main, which is a target of both Stbm and casein kinase I studies strongly suggest that the eytotoxicity of SOD1 mutants
binding; and a DEP domain, which is responsible for Dvl mem- is responsible for their aggregate properties, incorporating
brane localization during planar cell polarity signaling (25-27).  other proteins essential for cells into their aggregates (28), we
Between the DEP domain and C-terminal end, there are three examined the association between mutant SOD1 and Dvli,
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both of which interact with NEDLL. Of interest, Dv11 bound to
mutant SOD1{A4V), and complex formation was increased in
the presence of NEDL1 roughly proporticnately to the disease
severity of FALS caused by the particular SOD1 mutant (Fig.
6E). Dvll is known to transduce not only the Wnt/g-catenin/T-
cell factor pathway, but alse the JNK/c-Jun pathway (27).
Therefore, we next examined whether the Dvll-induced phos-
phorylation of c-Jun at Ser®® was affected by the tight complex
formation induced by inclusion of mutant SODI1. As shown in
Fig. 6F, ¢-Jun phosphorylation induced by overexpression of
Dv11 was significantly suppressed by coexpression with mutant
S0D1(A4V) in COS-7 cells.

DISCUSSION

Our present results demonstrate that a novel HECT-type
NEDL1 E3, which is preferentially expressed in neuronal tis-
sues, specifically targets mutant forms of SOD1 for ubiquitina-
tion-mediated protein degradation. NEDL1I is also associated
with TRAP-8 localized at the ER translocon. The TRAP com-
plex has recently been shown to facilitate the initiation of
protein translocation in a substrate-specific manner (29). The
NEDL1-TRAP-3 complex recognizes mutant (but not wild-type)
S0D1, with a binding intensity that broadly parallels the dis-
ease severity of FALS. NEDL1 immunoreactivity was detected
in the FALS-related LBHIs in the spinal cord ventral horn
motor neurons, suggesting that, although mutant SOD1 is
ubiquitinated for degradation by NEDL1, the mutant
SOD1I-NEDL1I'TRAP-5 complex aggregates within the LBHIs.
It is also conceivable that fragmentation of the Golgi apparatus
reported in ALS patients and transgenic mice might be related
to this aggregation (30, 31). These findings suggest possible
hypotheses for the role of NEDLI in the pathogenesis of FALS:
1) NEDL1, alone or with TRAP-8, ubiquitinates and aggregates
mutant SOD1, thereby decreasing the function of mutant
50D1; 2) NEDL1 and TRAP-5 form aggregates with mutant
50D1 that induce fragmentation of the Golgi apparatus, lead-
ing to neuronal apoptosis; 3} formation of these agpregates
causes dysfunction of NEDL1 and/or TRAP-§, and this, in turn,
induces disturbances that ultimately cause motor neuron
death; and 4) the mutant SODINEDLI-TRAP-8 aggregates
trap and inactivate unknown factor(s) such as melecular chap-
erones whose normal function is important for motor
neuron viahility.

To further understand the role of NEDL1 in motor neuron
death, we searched for the physiological targets of NEDL1 and
identified Dvll, As expected, Dvll is ubiguitinated for degra-
dation by NEDL1. Surprisingly, however, Dvll also interacts
with mutant SOD1 in the presence of NEDL1 roughly propor-
tionately to the disease severity of FALS caused by the partic-
ular SOD1 mutant. Dvll, an essential multimodule signal
transducer localized in the cellular eytosol and cytoskeleton,
mediates planar cell polarity signaling as well as canonical
Wnt/B-catenin signaling {27, 32). In mammals, three Dvl fam-
ily members have so far been reported, and the level of Dvll
expression is high in neuronal tissues (33). As far as we know,
NEDLL1 is the first E3 for Dvl1, interacting with the C-terminal
region containing three proline-rich clusters. A recent report
suggests that Dvll regulates microtubule stability through in-
hibition of glycogen synthase kinase-38 (34). Because cytoskel-
etal abnormalities have been reported in ALS motor neurons
(85), it is possible that the effect of mutant SOD1 on NEDL1-
mediated Dvll degradation is involved in the motor neuron
death. Furthermore, Dvll is abundant in the postsynaptic
membrane region at the neuromuscular junction (36) that is
reported to be involved in several neurodegenerative disorders
(37, 38). Of interest, Dvll is mapped to chromoesome 1p36,
which is a commonly deleted region in many human cancers,
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including neuroblastoma (39). As NEDL1 is highly expressed in
neuroblastomas with favorable prognostis, which have a tend-
ency to differentiate and/or regress, NEDL1 may be involved in
the regulation of neurcnal differentiation and survival possibly
by controlling Dvl1.

NEDL1, TRAP-§, mutant SOD1, and Dv11 appear to form a
complex roughly proportionately to the disease severity of
FALS caused by the particular S0D1 mutant. Our present
observations strongly suggest that NEDL1 may be a gquality
control E3 recognizing misfolded mutant S0OD1 (40}. The
association between mutant SOD1 and NEDL1 may induce
the conformational change in the NEDL1 protein to increase
the binding intensity with other physiological targets such as
TRAP-8 (not ubiquitinated) and Dvil (ubiquitinated). This
may lead to tight complex formation especially when the
proteasome activity is impaired. It has been reported that the
expression and function of proteasomes decrease with age in
the spinal cord (7). Okado-Matsumeto and Fridovich (41)
have also found that complex formation between mutant
S0D1 and heat shock proteins leads to protein aggregates.
Because our data show that the ER translocon component
TRAP-8 is involved, aggregate formation may occur at the
sites of the ER or Golgi apparatus or even at other cellular
sites. The complex formation including NEDL1 and mutant
S0D1 may conversely affect the physiclogical function of
NEDL1, as demonstrated by a decrease in Dvll-induced
phosphorylation of c-Jun.

Recently, the RING finger-type E3 Dorfin has been reported
to ubiquitinate mutant SOD1 for degradation (42). However,
NEDL1 and Dorfin appear to be different in several aspects.
First, NEDL1 is expressed specifically in neuronal tissues,
including the spinal cord, whereas Dorfin is ubiquitously ex-
pressed in moest human tissues. Second, both interaction be-
tween NEDL1 and mutant SOD1 and ubiguitination of the
latter by NEDL1 roughly parallel the disease severity caused
by the particular SOD1 mutant, whereas Dorfin similarly ubig-
uitinates mutant forms of SOD1. In addition, we have identi-
fied Dvll and TRAP-5 as cellular target proteins of NEDLI,
whereas the physiological targets of Dorfin have never been
reported, It is probable that there are some other E3 ligases
targeting mutant SOD1. However, the molecular characteris-
tics, including tissue-specific expression, subcellular localiza-
tion, and age-dependent expression, might be impertant in the
development of the FALS phenotype.

In conclusion, we have identified a novel neuronal E3
(NEDL1) that interacts with TRAP-3 and also binds to and
ubiquitinates DvIl for degradation. Strikingly, NEDLIL tar-
gets and ubiquitinates mutant (but not wild-type} SOD1 for
degradation. NEDL1 may normally function in the quality
control of cellular proteins by eliminating misfolded proteins
such as mutant SOD1, possibly via a mechanism analogous to
that of ER-associated degradation (43—45). NEDL1 appears
to complex tightly with mutant SOD1, Dvll, and TRAP-§,
forming aggregates with species of mutant SOD1 that have
escaped ubiquitin-mediated degradation. The NEDL1 func-
tion that affects the activities of the target proteins may also
be modulated by mutant SOD1. All of these might contribute
to the pathogenesis of FALS; further elucidation of the mo-
lecular mechanism of formation of this complex and its path-
ogenicity may provide insights into motor neuron death in
ALS as well as possible new therapeutic strategies for ALS.
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Polo-like kinase 1 (Plkl) has an important role in the
regulation of M phase of the cell cycle. In addition to its
cell eycle-regulatory function, PIk1 has a potential role
in tumorigenesis. Here we found for the first time that
Plk1 physically binds to the tumor suppressor p33 in
mammalian cultured cells, and inhihits its transactiva-
tion activity as well as its pro-apoptfotic function. Dur-
ing the cisplatin-induced apoptosis in human neuroblas-
toma SH-SY5Y cells, the expression level of Plkl was
significantly decreased both at mRNA and protein lev-
els, whereas cisplatin treatment caused a remarkable
stabilization of p53. Systematic immunoprecipitation
analyses using a series of deletion mutants of p53 re-
vealed that a sequence-specific DNA-binding region of
p538 is required and suffiefent for the physical interac-
tion with Plkl. The ectopically overexpressed Plkl was
co-localized with the endogenous p52 in mammalian cell
nucleus, as shown by confocal laser microscopy. Expres-
sion of exogenous Plkl and p53 in p53-deficient lung
carcinoma H1299 cells greatly decreased the p53-medi-
ated transcription from the p53-responsive p27WAFI
MDM2, and BAX promoters, whereas the kinase-defi-
cient mutant form of Plk1 failed to reduce the transerip-
tional activity of p53. Consistent with the luciferase re-
porter analysis, Plkl had an ability to block the p53-
dependent induction of the endogenous p21W4FL, In
addition, Plkl inhibited the pro-apoptotic function of
p53 in H1299 cells. Intriguingly, Plkl-mediated repres-
sion of p53 was attenuated with ATM. Thus, our present
findings strongly suggest that p53 is a ecritical target of
Plk1, and its function is abrogated through the physical
interaction with PlkI.

The polo-like kinases (Plks)! are structurally and function-
ally related to the Drosophila polo serinefthreonine (Ser/Thr)

* This work was supported in part by a grant-in-aid from the Ministry
of Health and Welfare for a New 10-Year Strategy for Cancer Control,
a grant-in-aid for Scientific Research on Priority Areas, a grant-in-aid
for Scientific Research (B) from the Ministry of Education, Science,
Sports and Culture, Japan, and the Hisamitsu Pharmaceutical Com-
pany. The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore he hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

1 Both authors contributed equally to this work.

| To whom correspondence should be addressed: Division of Biochem-
istry, Chiba Cancer Center Research Imstitute, 666-2 Nitona, Chuoh-
ku, Chiba 260-8717, Japan. Tel.: 81-43-264-5431; Fax: 81-43-265-4459;
E-mail: akiranak@chiba-ceri.chuo.chiba.jp.

¥ The abbreviations used are: Pk, polo-like kinase; ATM, ataxia
telangiectasia mutated; GFP, green fluorescence protein; GST, gluta-
thione S-transferase; NLS, nuclear localization signal; NMS, normal
mouse serum; PBS, phosphate-buifered saline; TBS, Tris-buffered sa-
line; TR, thymidine kinase; RT, reverse transcriptase.

This paper is available on line at http://www.jbe.org

63

leinase (1}, and are evolutionarily well conserved from yeast to
mammals, A high degree of amino acid sequence similarity is
detected within a catalytic domain and a unique noncatalytic
domain (termed the polo-box) located at the NH,- and COOH-
terminal region, respectively (2). I has been shown that the
polo-box is eritical for the correct subcellular localization of
Plks (3, 4), and the COOH-terminal region containing the polo-
box serves to regulate its kinase activity (5). A growing body of
evidence obtained in various experimental systems suggests
that Plks play an important role in the regulation of a variety
of M-phase-specific events including entry into and exit from
mitosis (1, 6-8). In addition to their critical role during the
Go/M transition, Plks might be also required for G,/S phase
transition (9, 10).

In mammalian cells, there exist at least three Plk family
members including Plk1, PIk2, and Plk3. Plkl (also referred
to as Plk) has been identified as a serine/threcnine kinase
that displays an extensive amino acid sequence homology to
Drosophila polo (2, 9, 11-13), whereas Plk2 (alternatively
named Snk) and Plk3 (alternatively termed as proliferation
related kinase, Prk) have been originally shown to be tran-
scriptionally induced in response to mitogens (14, 15), In
mammalian cultured cells, the amounts of Plk1 mRNA and
protein are regulated in a cell cycle-dependent manner, rising
from a very low level in G, phase to a maximal level during
GgfM phase (11, 12). The kinase activity of Plk1 is regulated
by its phosphorylation and peaks at M phase (16-18). Re-
cently, it has been shown that the kinase activity of Plk1 is
inhibited in response to DNA damage in mammalian cultured
cells and this inhibition occurs in an ATM-dependent manner
(19, 20). Plk1 phosphorylates various substrate proteins in-
cluding cyclin B1 and Cde25C. At the onset of mitosis, Plkl
phosphorylated cyelin Bl and promoted rapid nuclear trans-
location of an active Cdc2-cyclin Bl complex (21, 22). In
addition, Toyoshima-Morimoto et al. (23) has found that,
during G/M phase, PIkl is eapable of phosphorylating
Cdc25C, which dephosphorylates and direetly activates the
Cdc2-cyclin Bl compiex, and regulating the nuclear entry of |
Cdc25C. In contrast to Plkl, the expression level of Plk3
remains constant during the cell cycle progression and its
kinase activity peaks during late S and G, phase (24, 25). Xie
et al. (26) found that the kinase activity of Plk3 is rapidly
inereased in response to DNA damage in an ATM-dependent
fashion,

In addition to the potential cell eyele-regulatory role, Plkl
has been implicated in the genesis and/or progression of tu-
mors. PlkI was overexpressed in rapidly proliferating cells as
well as various human primary tumors (27), suggesting that
the expression level of PIk1 is tightly linked to proliferation and
could be used as a negative prognostic indicator for various
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tumors (28-30). Consistent with these observations, constitu-
tive overexpression of Plkl in NTH3T3 cells resulted in the
oncogenic focus formation and induction of tumor growth in
nude mice (10). Down-regulation of the endogencus PRI by
using several antisense oligonuclectides targeted to PIZI in-
duced growth inhibition in certain cancerous cells (31). Addi-
tionally, treatment of the cells with small interfering RNA
targeted against PikI cansed the cell eycle arrest and apoptosis
(32, 33). Of note, Liu and Erikson (33) reported that the tumeor
suppressor p53 might be involved in the Plkl depletion-in-
duced apoptosis. Recently, Plk1 has also been reported to have
an ability to phosphorylate p583 in wvitro, however, it is still
unknown whether there exists a functional association be-
tween Plk1 and p53 (26). In sharp contrast to Pk, the expres-
sion level of PIk3 was significantly down-regulated in several
human primary tumors including lung carcinomas and head
and neck squamous cell earcinomas, as compared with their
corresponding normal tissues (34, 35). Overexpression of P1k3
in mammalian cultured cells inhibited proliferation and in-
duced apoptosis (36). Furthermore, it has been demonstrated
that Plk3 physically interacts with p53 and phosphorylates the
Ser®® of p53, which might result in the enhancement of its
activity. These suggest that Plkl and Plk3 play a differential
role in regulating cell proliferation and oncogenesis, and that
p53 participates in Plk3-dependent growth inhibition and/or
apoptosis (25, 26, 36, 37).

In the present study, we examined the physical and func-
tional interaction between Plkl and p53. We found that Plkl
binds to the sequence-specific DNA-binding domain of p53, and
inhibits the p53-dependent transeriptional activation as well as
pro-apoptotic function. Intriguingly, overexpression of ATM
abrogated the Plkl-mediated inhibitory effect on p53. These
results suggest that the Plkl-mediated negative regulation of
p53 might be a fundamental mechanism for the Plkl-induced
oncogenesis.

EXPERIMENTAL PROCEDURES

Tumor Samples—Surgically resected tumor tissues including three
lung adencearcinomas, two gastric adenocarcinomas, one uterus carci-
noma, two bladder carcinomas, and their corresponding normal tissues
used in this study were obtained as frozen specimens from the Tissue
Bank in Chiba Cancer Center Hospital (Chiba, Japan). Six hepatoblas-
tomas and their matched normal tissues were provided by the Japanese
Study Group for Pediatric Liver Tumor.

Cell Culture—African green monkey kidney COS7 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum (Invitrogen) and penicillin (100
1U/mlYstreptomyein (100 gg/ml). Human neurcblastoma SH-SY5Y cells
and human lung carcinoma HI1299 cells were grown in EPMI 1640
medium containing 10% heat-inactivated fetal bovine serum and anti-
biotic mixture. Cultures were maintained at 37 °C in a water-saturated
atmosphere of 5% CO, in air.

Transfection--COST cells were transfected with the indicated expres-
sion plasmids using FuGENE 6 transfection reagent (Roche Applied Sci-
ence) in a 6-cm diameter culture dish in accordance with the manufac-
turer's specifications. Transfection of H1299 cells was conducted by
lipofection with LipofectAMINE transfection reagent (Invitrogen) in a
12-well plate according fo the manufacturer’s instructions,

RT-PCR—Total RNA was prepared from SH-SY5Y cells exposed to
cisplatin by using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA}
according to the manufacturer's protocol, and subjected to synthesis of
the first strand cDNA with random primers and a SuperScript II
reverse transcriptase (Invitrogen) at 42 °C for 1 h. When the reaction
was complete, the cDNA was amplified in a final volume of 15 pl of
reaction mixture containing 100 pMm of each deoxynucleoside triphos-
phate, 1x PCR buffer, I uM of each primer, and 0.2 units of rTag DNA
polymerase (Takara, Ohtsu, Japan). The primers for p53 amplification
were 5'-ATTTGATGCTGTCCCCGGACGATATTGAAC-3" and 5'-ACC-
CTTTTTGGACTTCAGGTGGCTGGAGTG-3'. The primers for p21WAF!
amplification were 5'-ATGAAATTCACCCCCTTTCC-3' and 5'-CCCTA-
GGCTGTGCTCACTTC-3'. The primers for PlkI amplification were 5'-
ATCACCTGCCTGACCATTCCACCAAGG-3' and 5'-AATTGCGGAAA-
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TATTTAAGGAGGGTGATCT-3", The primers for Plk3 amplification
were 5'-GCGCGAGAAGATCCTAAATG-3' and 5'-GATCTGCCGCAGG-
TAGTAGC-3". The primers for GAPDH amplification were 5-ACCTG-
ACCTGCCGTCTAGAA-3' and B'-TCCACCACCCTGTTGCTGTA-3'.
The PCR-amplified products were separated by electrophoresis on a
1.5% agarose gel and visualized by ethidium bromide pest-staining.

Generation of FLAG-tagged Expression Construcis—The FLAG-
tagged human Pikl construct was generated by PCR amplification
using the cDNA derived from primary hepatoblastoma as a template.
The forward and reverse primers used in the PCR were 5'-CCGCTCG-
AGAGTGCTGCAGTGACTGCAGGGAAG-3' and 5'-CTAGTCTAGATT-
AGGAGGCCTTGAGACGGTTGCT-3'. The underlined nucleotides rep-
resent the Xhol restriction sites in the forward primer and the Xbal
restriction site in the reverse primer. The PCR product was subcloned
into pGEM-T Easy (Promega Corp., Madison, WI}, and its nucleotide
sequence was verified by auntomated dideoxy terminator cycle se-
quencing. The PCR product was digested with Xhol and Xbal, and
inserted between the Xhol to Xbal sites in the pcDNA3-FLAG expres-
sion plasmid in-frame to the downstream of the FLAG tag to give
pcDNA3-FLAG-PlEI.

Construction of the Deletion Mutants of p53 and Plki--The p53
deletion mutants, p53-(1-359), p53-(1~292), and p53-(1-101) were
generated by using the forward primer 5'-CCCAAGCTTGGGATGGA-
GGAGCCGCAGTCAGATCCTAGCOGTC-3' (1F) in combination with the
reverse primers 5-CCGGAATTCCGGTCATGGCTCCTTCCCAGCCT-
GGGCATCCTT-3' (359R), 8'-CCGGAATTCCGGTCATTTCTTGCGGA-
GATTCTCTTCCTCTGT-3' (292R) and 5'-CCGGAATTCCGGTCATTT-
CTGGGAAGGGACAGAAGATGACA-3' (101R), respectively. p53-
(102-393) was amplified by using the forward primer 5’-CCCAAGCT-
TGGGATGACCTACCAGGGCAGCTACGGTTTCCGTCT-3' (102F) and
the reverse primer 5'-CCGGAATTCCGGTCAGTCTGAGTCAGGCCCT-
TCTGTCTTGAACAT-3' (393R). Each of the forward and reverse prim-
ers contained the HindIIl and EcoRI restriction sites to facilitate the
subsequent cloning step. Underlined nucleotides in the oligonucleotides
listed above were HindIIl or EcoRI sites. Amplified fragments were
digested with HindlIl and EcoRI, and subcloned directly into the iden-
tical restriction sites of pcDNA3 te give pcDNA3-p53-(1-359),
peDNA3-p53-(1-292), pcDNA3-p53-(1-101), and pecDNA3-p53-(102-393).
All of the construets were confirmed by sequence analysis. For the
construction of the deletion mutants of Plkl, pcDNA3-FLAG-PIkI was
digested with BamHI, BamHI and BstXI, or BamHI and Ncol. A re-
striction fragment encoding amino acid residues 1-401, 1-329, or 1-98
was purified from agarose gels, filled in the overhangs with Klenow,
and then inserted in-frame into the enzymatically modified BamHI and
Xhol sites of the pcDNA3-FLAG expression plasmid to give pcDNA3-
FLAG-Plk1-(1-401), pcDNA3-FLAG-PI:1-(1-329), or peDNA3-FLAG-
Pik1-(1-98), respectively. DNA sequencing confirmed the authenticity
of the expression plasmids prior to transfection.

Construction of the Kinase-deficient Mutant Form of Plki—The
K82M mutation was introduced into wild-type PIk1 by the PCR-based
strategy using Pfullltra™ High Fidelity DNA polymerase (Stratagene,
La Jolla, CA) according to the manufacturer’s instructions. The
following oligonucleotides were used: 5-ATGATTGTGCCTAAGTCTC-
TGOTGCTCAAGCCGCA-3' (underlined segment encodes Met at amine
acid position 82) and 5'-GCCCGCGAACACCTCCTTGGTGTCCGCGT-
CCGAGA-3". Nucleic acid sequencing was performed to verify the pres-
ence of the desired mutation and absence of random mutations. The
amplified fragment that contains the K82M mutation was then digested
with HindHI and Necol, gel-purified, and ligated with the NcoI/Xbal
restriction fragment containing the 3'-portion of the wild-type Plkl
¢DNA. The resulting entire ¢cDNA encoding the full-length Plkl carry-
ing the amino acid substitution at position 82 was inserted in-frame
into the HindIII and Xbal sites of the pcDNA3-FLAG expression plas-
mid to give pcDNA3-FLAG-PIRI{I82M).

Construction of the Expression Plasmid for Antisense Plk1--A full-
length human PIkI cDNA was ligated into the pcDNA3 expression
plasmid in a reverse orientation to give As-Pikl, and the product was
evaluated by restriction digestion. To assess the effect of As-Pik1 on the
endogenous Plkl, whole cell lysates prepared from H1299 cells trans-
fected with As-PIkI were analyzed for Plk1 by immunoblotting.

G8T Pull-down Assay—Whole cell lysates prepared from COS7 cells
expressing FLAG-Pik1 were incubated with 1 ug of GST or GET-p&3
(Santa Cruz Biotechnologies, Santa Cruz, CA) immobilized on ghutathi-
one-Sepharose beads for 2 h at 4 °C. The beads were washed extensively
with NETN buffer (50 mm Tris-Cl, pH 7.5, 150 mum NaCl, 0.1% Nonidet
P-40, and 1 mm EDTA) containing 1 mum phenylmethylsulfonyl fluoride.
The bound proteins were eluted with 2x SDS sample buffer by bailing
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for 5 mirn, and separated by 10% SDS-polyacrylamide gel electrophore-
sis followed by immunoblotting.

Immunofluorescent Labeling and Confocal Microscopy—COST cells,
cultured onto glass coverslips, were transiently transfected with the
expression plasmid for FLAG-Flk1. Transfected cells were washed
twice with 1X PBS and then fixed with 1X PBS containing 3.7%
formaldehyde for 30 min at room temperature. After washing with 1x
PBS, cells were permeabilized with 0.2% Triton X-100 for 5 min at room
temperature and blocked for 1 hin 1X PBS containing 3% bovine serum
albumin. Cells were then incubated with polyclonal anti-p53 antibody
(Cell Signaling Technology, Inc., Beverly, MA) and monoclonal anti-
FLAG aniibody (M2, Sigma) for 1 h at room temperature. After incu-
bation with primary antibodies, cells were washed twice with 1X PBS
and incubated with fluorescein isothiocyanate- or rhodamine-conju-
gated secondary antibodies (Invitrogen) diluted 1:200 for 1 h at room
temperature. Cell nuclei were stained with 4,6-diamidine-2-phenylin-
dole at a final concentration of 1 ug/ml (Sigma). Cells were fnally
washed with 1x PBS, the coverslips were removed from the dishes,
mounted onto slides, and observed under Fluoview laser scanning con-
focal microscope {Olympus, Tokyo, Japan).

Western Blot Analysis—Cells were transfected with the indicated
combinations of the expression plasmids. Forty-eight hours after trans-
fection, cells were extracted directly with the lysis buffer containing 25
mu Tris-HCl, pH 8.0, 137 mum NaCl, 2.7 mum KCI, 1% Triton X-100, 1 mM
phenylmethylsulfonyl flueride and protease inhibitor mixture {Sigma)
and the whole cell lysates were sonicated for 10 s followed by centrifu-
gation at 15,000 rpm for 10 min at 4 °C to remove insoluble materials,
The protein concentrations were determined using the Bradford protein
assay according to the instructions of the vendor (Bio-Rad), Equal
amounts of the whole cell lysates (50 pg of protein) were boiled in an
SDS sample buffer consisting of 62.5 mM Tris-HC, pH 6.8, 2% SIS, 2%
B-mercapteethanel, and 0.01% bromphenol blue and subjected to 10%
SDS-polyacrylamide gel electrophoresis under reducing conditions and
then electrotransferred onto Immobilon-P membranes {Millipere, Bed-
ford, MA) at room temperature for 1 h. The membranes were blocked
with TBS-T (50 mM Tris-Cl, pH 7.6, 100 my NaCl, and 0.1% Tween 20)
containing 5% nonfat dry milk at room temperature for 1 h, and sub-
sequently incubated for 1 h with monoclonal anti-Plkl (PL2 and PLs,
Zymed Laboratories, In¢.,, San Francisco, CA), monoclonal anti-p53
(DO-1, Oneogene Research Produets, Cambridge, MA), monoclonal anti-
FLAG antibody (M2, Sigma), monoclonal anti-Plk3 antibody (B37-2,
BD Pharmingen), polyclonal antibody specific for p53 phosphorylated at
Ser'® (Cell Signaling, Beverly, MA), polyclonal anti-p21"A™ antibody
(H-164, Santa Cruz Biotechnologies), or polyclonal anti-actin antibody
(20-33, Sigma) in TBS-T, followed by an incubation with horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit secondary anti-
boedy (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted
at 1:2,000 for 1 h at room temperature. The membranes were washed
extensively with TBS-T and protein bands were visualized by enhanced
chemiluminescence (ECL) aceording to the manufacturer’s instructions
(Amersham Biosciences).

Subcellular Fractionation—Cells were fractionated into eytosolic and
nuclear fractions as described previously (38). Briefly, cells were
washed twice with ice-cold 1% PBS and lysed in lysis buffer containing
10 mm Tris-HCl, pH 7.5, 1 mM EDTA, 0.5% Nonidet P-40, and a
protease inhibitor mixture (Sigma) for 30 min at 4 °C. Cell lysates were
centrifuged at 15,000 X g for 10 min to collect the soluble fraction as
cytosolic extracts. Insoluble materials were washed with the lysis buffer
and further dissolved in 1X SDS sample buffer to collect the nuclear
fraction. The nuclear and cytoplasmic fractions were subjected to im-
munoblot analysis using the anti-FLAG, monoclonal anti-lamin B
(Ab-1, Oncogene Research Products), or moneclonal anti-Ras (RASK-3,
Seikagaku Co., Tokyo, Japan) antibody.

Immunoprecipitation and Western Blot Analysis—For the immuno-
precipitation of Plkl and p53, COST7 cells were transiently transfected
with 2 pg of the expression plasmid for FLAG-Plk1 using FuGENE 6
transfection reagent. Forty-eight hours post-transfection, cells were
harvested and lysed by incubation with mixing in 400 ul of the EBC
buffer (50 mM Tris-HCI, pH 7.5, 120 mm NaCl, 0.5% Nonidet P-40, and
1 mM phenylmethylsulfonyl fluoride) at 4 °C for 30 min. Whole cell
lysates were then subjected to centrifugation at 15,000 X g for 20 min
at 4 °C to remove insoluble materials. Equal amounts of whole cell
lysates were precleared with 30 pl of a 50% slurry of protein A-Sepha-
rose {(Amersham Biesciences). After centrifugation, the supernatant
was incubated with the normal mouse serum (NMS), menocional anti-
FLAG, or monoclonal anti-p53 antibody at 4 °C for 2 h. The immuno-
complexes were precipitated with the protein A-Sepharose beads at 4 °C
for 30 min, which were then pelleted by centrifugation at 15,000 X g for
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Case no. 1 2 3 4 5 G
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Lung Stomach Uterus Bladder
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FiG. 1. Expression of PlkI and PIk3 mRNA in varioms human
primary tumors and their corresponding normal tissues. Total
RNA (5 pg) prepared from the indieated tumor (T}-normal (V) paired
samples was subjected to RT-PCR analysis for PIkI and PIk3 mRNA
expression using the specific primers as shown under “Experimental
Procedures.” The PCR-amplified products were analyzed by 1.5% aga-
rose gel electrophoresis and visualized by ethidium bromide staining.
Amplification of GAPDH was used as an internal control.

5 min. The precipitates were washed with the lysis buffer three times at
4 °C, resuspended in 30 pl of the SDS sample buffer, and treated at
100 *C for 5 min. Proteins were then resolved by 10% SDS-polyacryl-
amide gel electrophoresis, and transferred onto the Immobilon-P mem-
branes. The protein complex was detected by Western blot analysis
using the monoclonal anti-FLAG or monoclonal anti-p53 antibodies.

Luciferase Reporter Assays—p53-deficient H1299 cells were seeded
in a 12-well tissue culture dish at a density of 5 X 10* cellsfwell. Cells
were transfected with 100 ng of the p53-responsive luciferase reporter
plasmid (p21, MDMZ2, or BAX), 10 ng of pRL-TK Renilla luciferase
cDNA, and 25 ng of the expression plasmid for p538 together with or
without increasing amounts of ¥LAG-Plkl expression plasmid. The
total amount of DNA was kept constant (510 ng) with peDNAS (Invitro-
gen) per transfection. Forty-eight hours post-transfection, transfected
cells were washed twice with 1xX PBS, and resuspended in passive lysis
buffer (Promega Corp.). Both firefly and Renilla luciferase activities
were assayed with the dual-luciferase reporter assay system (Promega
Corp.} according to the manufacturer’s instructions. The fluorescent
light emission was determined by TD-20 luminometer (Turner Design,
Sunnylvale, CA). The firefly luminescence signal was normalized based
on the Rerilla luminescence signal. The results were obtained from at
least three sets of transfection and were presented as the mean = S.D.

Cell Survival Assays—Cell viability was determined by a modified
3-(4,5-dimethylthiazel-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay. In brief, SH-SY5Y cells were seeded in 96-well microtiter plates
(5 X 10% celi/well) with 100 uI of complete medium and allowed to
attach. The next day, the medium were changed and cells were treated
with cisplatin for 24 h. For the MTT assay, 10 pl of MT'T solution was
added to each well for 3 h at 37 °C. The absorbance readings for each
well were carried out at 570 nm using the microplate reader (model 450,
Bio-Rad).

Apoptotic Analysis—I11299 cells were transfected with a constant
amount of the expression plasmid for green fluorescence protein (GFP)
and p53 expression plasmid together with or witheut the expression
plasmid encoding FLAG-Plkl. Forty-eight hours after transfection,
transfected cells were identified by the presence of green fluorescence.
To verify apoptosis, cell nucleus was stained with propidium iodide to
reveal nuclear condensation and fragmentation. The number of GFP-
positive cells with fragmented nuclei was scored, and presented as a
percentage of the total number of fluorescent cells.

RESULTS

Expression of Plk1 and Plk3 in Paired Tumors and Adjacent
Normeal! Tissues—It has been shown that the expression level of
Piki is increased in human tumors of various origins as com-
pared with that of their corresponding normal tissues, suggest-
ing that Plk1 contributes to the genesis and/or progression of
tumors (13, 27-29). Recently, we have also identified PlkI as
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Fig, 2, Down-regulation of PIkI during the cisplatin-induced apoptosis. 4, cell survival assays of SH-SY5Y cells treated with cisplatin.
SH-8Y5Y cells were exposed to cisplatin at a final concentration of 20 pM. At the indicated time periods after treatment with cisplatin, cell viability
was determined by MTT assay. Data are presented as the mean + S.D. of three independent experiments. B, RT-PCR analysis. Human
neuroblastoma-derived SH-SY5Y cells were treated with or without cisplatin at a final concentration of 20 uM. At the indicated time periods after
treatment with cisplatin, tota! RNA was prepared and subjected to RT-PCR analysis for the expression of PIk1 (Ist panel), PIkS (2nd panel), p563
(3rd panel), and p2I%A*! (4th panel). Amplification of GAPDH serves as an internal control (6th panel). The PCR products were resolved in 1.5%
agarose gels and visualized by ethidium bromide staining. C, Western blot analysis. Whole cell lysates were prepared from SH-SY5Y cells exposed
to cisplatin for 24 h (at a final concentration of 20 pu) or left untreated and immunoblotted against anti-Plk1 {Ist panel), anti-Plk3 (2nd parel),
anti-p53 {(3rd panel), antibody specific for p53 phosphorylated at Ser'® {(4th panel), or with the anti-p21™7*™* antibody (5¢h panel). Inmunocblotting

for actin is shown as control for protein loading (6th panel).

one of the genes whose expression level is markedly elevated in
human hepatoblastomas.? In contrast, Plk2 expression is
down-regulated in certain human tumors including lung carci-
nomas and head and neck squamous cell carcinomas (34, 35).
To confirm the differential expression of both PlkI and PIE3 in
the same tissue samples, we examined their expression pat-
terns among the indicated various paired cancer-normal tis-
sues by RT-PCR. The levels of GAPDH mRNA were comparable
between these paired samples. Consistent with the previous
results, without exceptions, the expression levels of Plki
mRNA were significantly higher in cancerous tissues than
these of their adjacent normal tissues (Fig. 1). On the other
hand, Plk3 was expressed at low levels in all the lung, uterus,
and bladder carcinomas that we examined, as compared with
their corresponding normal tissues, whereas a significant de-
crease in Plk3 expression level in tumor tissues was undetect-
able in 2 of 6 hepatoblastomas and in 1 of 2 gastric carcinomas
(Fig. 1). Thus, deregulated overexpression of PlkI is detected in
all various types of tumors, whereas down-regulation of Plk3
expression may be restricted to certain tumeors.

% Yamada, 8., Ohira, M., Horie, H., Ando, K., Takayasu, H., Suzuki,
Y., Sugano, S., Hirata, T., Gote, T., Matsunaga, T., Hiyama, E,
Hayashi, Y., Ando, H., Suita, S., Kaneko, M., Sakalki, F., Hashizume, K.,
Ohnuma, N., and Nakagawara, A, (2004) Oncogene, in press.

Cisplatin Treatment Induces Down-regulation of PLk1 in As-
sociation with Up-regulation of p53 in SH-SYSY Cells—To an-
alyze whether Plk1 expression could be modulated during the
cisplatin-induced apoptosis, whole cell lysates and total RNA
were prepared from human neuroblastoma-derived SH-SYSY
cells after treatment with or without cisplatin, and were sub-
jected to immunoblot analysis and RT-PCR, respectively. In
accordance with our previous observations (392), cells under-
went apoptosis in a time-dependent manner as measured by
the cell survival assay (Fig. 24), and a remarkable stabilization
of p53 at the protein level was detected after treating the cells
with cisplatin, accompanied with a significant up-regulation of
p21WAF3 hoth at protein and mRNA levels (Fig. 2, B and C). In
addition to the increase in the level of total p53, the phospho-
rylation of p58 at Ser'® was dramatically enhanced in cells
exposed to cisplatin, whereas that of p58 at Ser®® was unde-
tectable (data not shown). Intriguingly, cisplatin treatment
markedly reduced the expression level of Pl mRNA and
protein (Fig, 2, B and C), suggesting that there exists an in-
verse relationship between the expression levels of p53 and
Plkl during DNA damage-induced apoptosis. Thus, Plkl may
play an important role in the p53 pathway. On the other hand,
cisplatin treatment resulted in a significant up-regulation of
Pik3 mRNA expression in a time-dependent manner, however,
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Fia. 3. Co-immunoprecipitation and nuclear co-localization of Plkl and p53. A, complex formation between Plk1 and p53 in mammalian
cultured cells. COS7 cells were transiently transfected with the expression plasmid for FLAG-tagged Plkl. Forty-eight hours after transfection,
whaole cell lysates were prepared and immunoprecipitated (IP) with NMS or with menoclonal anti-p53 antibodies. The immunocomplexes were
resolved by 10% SDS-polyacrylamide gel electrophoresis and immunoblotted (FB) with monoclonal anti-FLAG antibody. Whole cell lysates were
immunoblotted with monoclonal anti-p53, or with monoelonal anti-FLAG antibody to show the expression of endogenous pb3, or FLAG-Plk1,
respectively. The p53 blot was reprobed for actin to ensure equal loading, B, a similar immunoprecipitation assay was performed with NMS or
monoclonal anti-FLAG antibody, followed by immunoblotting with moneclonal anti-p53 antibody. Whole cell lysates were monitored on iramuno-
blot for the expression of endogencus p53 or FLAG-PIkI. The p53 blot was reprobed for actin to ensure equal loading. C, GS8T pull-down assay.
Whole cell lysates prepared from COS7 cells expressing FLAG-Plk1 were incubated with GST or G8T-p53 immobilized on glutathione-Sepharose
beads. The bound proteins were separated by 10% SDS-polyacrylamide gel electrophoresis, and subjected to immunoblotting with the anti-FLAG
antibody. D, association between endogenous p53 and Plk1. Cell lysates prepared from U208 cells were immunoprecipitated with NMS or with
monoclonal anti-Plk1 antibody, and the anti-Plkl immunoprecipitates were immunocblotted with monoclonal anti-p53 antibody. E, subeellular
localization of Plkl. COS7 cells were transiently transfected with the expression plasmid enceding FLAG-PIk1. Forty-eight hours after transfec-
tion, cells were fractionated into nuclear (V) and eytosolic (C) fractions as described under “Experimental Procedures.” Equal amounts of each
fraction were resolved by 10% SDS-polyacrylamide gel electrophoresis and immunoblotted with monoclonal anti-FLAG antibody (top panel). These
extracts were alse immunoblotted with monoclonal antibody specific for lamin B (middle panel) or Ras (RASK-3) (bottom panel) to show the validity
of our fractionation technique. F, nuclear co-lecalization of Plk1 and p53. COST cells were transiently transfected with the FLAG-Plk1 expression
plasmid. Following transfection, cells were fixed and incubated with polyclonal anti-p53 and monoclonal anti-FLAG antibodies that were revealed
by fluorescein isothiocyanate-conjugated anti-rabbit IgG {green) and rhodamine-conjugated anti-mouse IgG (red), respectively. Merge analysis
(vellow) showed the nuclear co-localization of PIk1 and p53.

the amount of PIk3 protein remained constant, regardless of
cisplatin treatment.

Interaction of PlkI with p53—Recently, it has been shown
that Plic3 interacts with p53 and is directly involved in the
stress-induced phosphorylation of p53 on the serine 20 residue
(25, 26, 36, 37). Of note, Xie et al. (26) found that Plk1 is able
to phosphorylate p53 in vitro, however, its functional signifi-
cance in vivo remains unclear. These observations prompted us
to investigate possible interactions between Plk1 and p53. For
this purpose, COS7 cells, which express a large amount of
endogenous p53 (40), were transiently transfected with the
expression plasmid for FLAG-tagged Plkl. Whole cell lysates
prepared from the transfected cells were immunoprecipitated
with NMS or with a monoclonal anti-p53 antibody, and the
immunoprecipitates were analyzed by immunocblotting with a
monoclonal anti-FLAG antibody. As shown in Fig. 34, FLAG-
PIkl1 was co-immunoprecipitated with the endogenous p53, but
not present in the control immunoprecipitates obtained with
the normal mouse serum. The expression of FLAG-Plk1 and
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the endogenous p53 was confirmed by immuncblet analysis
with the antibody against the FLAG epitope and p53, respec-
tively (Fig. 34). Analysis of the anti-FLAG immunoprecipitates
also revealed that p53 is co-immunoprecipitated with FLAG-
Plk1 (Fig. 3B). To confirm their interaction in vitro, GST pull-
down experiments were performed using GST fusion full-
length human p583. As shown in Fig. 3C, mammalian expressed
FLAG-Plk1 bound to GST-p53 but not to GST alone. Their
interaction was further examined using endogenous materials.
Whole cell lysates prepared from U208 cells that carry wild-
type p53 (41) were immunoprecipitated with a monoclonal anti-
Plk1 antibody and the anti-Plkl immunoprecipitates were an-
alyzed for the presence of the endogenous p53. As shown in Fig.
8D, the endogenous p53 was co-immunoprecipitated with the
endogenous Plkl. Similar results were also obtained in Hel.a
cells (data not shown). These results clearly demonstrate that
Pllcl interacts with p53 in mammalian cultured cells and in
vitro.

To evaluate the subcellular localization of Plkl, we per-
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Fic. 4. DNA-binding domain of p53 is required for interaction with Plkl. A, schematic drawing of full-length p53 and various deletion
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indicate amino acid position, B, subeellular localization of various deletion mutants of p53. p53-deficient H1299 cells were transiently transfected
with the indicated expression plasmids. Forty-eight hours after transfection, cells were fixed and incubated with monoelonal anti-p53 antibody
(DO-1 or PAb 421). Cell nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Expression of p538 derivatives was visualized with
rhodamine-conjugated secondary antibody (red). C and D, Plkl interacts with the DNA-binding domain of p53. H1299 cells were transiently
co-transfected with the indicated combinations of the expression plasmids. Forty-eight hours after transfection, whole cell lysates were prepared
and subjected to immunoprecipitation with monoelonal anti-FLAG antibody followed by immunobletting with monoclonal anti-p53 antibedy (upper
penel). The lower panels show the direct immunoblot analyses of whale cell lysates performed with moneclonal anti-p53, monoclonal anti-FLAG,
or with polyclonal anti-actin antibody (C). Whole cell lysates from H1299 cells overexpressing FLAG-Plkl and p53-(102-393) were immuncpre-
cipitated with monoclonal anti-p53 antibody (PAb421) or with NMS fellowed by immunoblotting with monoclonal anti-FLAG antibody. Expression

levels of p53-(102-393), FLAG-PIk1, and actin were examined by immunoblotting (D).

formed indirect immunofluorescent staining as well as bio-
chemieal cell fractionation of the transfected COS7 cells. COST
cells transfected with the empty plasmid or with the expression
plasmid for FLAG-PIk1 were fracticnated into cytoplasmic and
nuclear fractions for immunoblot analysis of FLAG-Pik1. Ras
and lamin B served as markers for the purity of cytoplasmic
and nuclear fractions, respectively (Fig. 3E, lower panels). Con-
sistent with previous observations (10, 22, 42), FLAG-Plk1 was
detected hoth in the cytoplasm and nucleus (Fig. 3E, upper
panel}. For immunoflucreseent staining, COS7 cells expressing
FLAG-Plk1 were fixed and stained with monoclonal anti-FLAG
and polyclonal anti-p53 antibodies. As shown in Fig. 3F, FLAG-
Plls1 localized to both the cytoplasm and nucleus, Merging
analysis by confocal mieroscopy showed that FLAG-Plk1 co-
localizes with endogenous p53 in cell nucleus.

The Sequence-specific DNA-binding Region of p53 Is Re-
quired for the Interaction with Plk1—To assess regions of p53
involved in the interaction with Plk1, we constructed a series of
p53 deletion mutiants including p53-(1-359) (lacking an ex-
treme COOH-terminal region), p53-(1-292) (lacking the most
COOH-terminal region including an cligomerization domain),
p53-(1~101) {retaining only an NH,-terminal transactivation

domain), and p53-(102-393) (lacking an NH,-terminal trans-
activation domain) (Fig. 44). We first examined their subcellu-
lar localization by indirect immunoflucrescent staining. To this
end, p53-deficient human lung carcinoma H1299 cells (43) were
transiently transfected with each expression plasmid. Forty-
eight hours after transfection, cells were fixed and stained with
the appropriate monocional anti-p53 antibody. As described
previously (44, 45), there exist three potential nuclear localiza-
tion signals (NLS I, II, and IIl} in the COOH-terminal region of
p53, and NLS I alone has an ability to translocate the pyruvate
kinase fusion protein to the nucleus. As shown in Fig. 4B,
wild-type p53 and p53-(102-393), which retain the intact
COOH-terminal region, accumulated in the nucleus. In addi-
tion, p53-(1~359), which lacks the NLS II and III but retains
the NLS I, localized largely in the nucleus, On the other hand,
p55-(1-292) and p53-(1~101), which lack three potential NLSs,
were detected both in the nucleus and the cytoplasm. We then
examined their abilities to interact with Plkl. H1299 cells were
transiently co-transfected with the FLAG-Pikl expression
plasmid along with the expression plasmid for wild-type p53,
p53-(1-359), p53-(1-282}, or p53-(1-101), and the anti-FLAG
immunoprecipitates were analyzed for the presence of wild-
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FiG. 5. Mapping of the region of Plkl required for interaction with p53. A, schematic representation of Plk1 deletion mutants. KD, kinase
domain; Polo, polo-box. Numbers indicate amino acid position. B, immunofiuorescent studies of Plk1 deletion mutants. Transfected COS? cells were
fixed in 8.7% formaldehyde for 30 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked in PBS containing 3% bovine serum albumin
for 1 h. Cells were then incubated with monocional anti-FLAG antibody followed by incubation with rhodamine-conjugated secondary antibody
(red), and analyzed by confocal microscopy. Cell nuclei were stained with 4,6-diamidino-2-phenylindole (blue). C and D, interaction between various
Plkl deletion mutants and endogenous p53. Whole cell lysates from COST cells transfected with the indicated expression plasmids were
immunoprecipitated with monoclonal anti-FLAG antibody, and immunoblotted with monoclonal anti-p53 antibody to observe the interaction
between Plkl deletion mutants and p53. Immunoprecipitation with NMS was used as a negative control. Equal amounts of protein derived from
cell lysates were immunoblotted with monoclonal anti-p53, monoclonal anti-FLAG, or polyclonal anti-actin antibody.

type p53 and these truncated forms of p53. As shown in Fig. 4G,
wild-type p53 as well as p53 deletion mutants including p53-
(1-359) and p53-(1-292), were detected in the anti-FLAG im-
munoprecipitates, whereas p53-(1-101) has lost the ability to
bind te Plki, indicating that the extreme COOH-terminal re-
gion, the oligomerization domain, and the NH,terminal trans-
activation domain of p53 are not involved in the interaction
with Plkl, Similar immunoprecipitation analyses revealed that
pb3-(102-383) co-precipitates with FLAG-Plk1 (Fig. 4D). Thus,
the region between amino acid residues 102 and 292 of p53,
which includes the sequence-specific DNA-binding domain, ap-
pears to be required and sufficient for the interaction with
Plki.

Mapping of the p53-binding Region of PlkI—To map the
pb3-interacting domain on Plkl, we have constructed the
FLAG-tagged Plkl deletion mutants including Plk1-(1-401),
Plk1-(1-329), and Plk1<1-98) (Fig. 5A), and examined their
subeellular localization by indirect immunofluorescent stain-
ing. As shown in Fig. 58, COS7 cells transfected with each of
the expression plasmids for FLAG-tagged Plkl deletion mu-
tants exhibited intense staining of the nucleus. Inspection of
the amino acid sequence of Plk1-(1-88) identified one cluster of
basic amino acids (*RSRRRYVRGR®?), suggesting that this
basic cluster acts as a nuclear localization signal. We then
tested the interaction between p53 and each of these Plkl
deletion mutants, COST cells were transfected with the expres-
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sion plasmid encoding Plk1-(1-401), Plk1-(1-329), or PikI-(1-
98), and co-immunoprecipitation experiments were performed
to determine the interaction. We found that Plk1-(1—-401) and
Plk1-(1-329) retained the ability to bind to p53, whereas Plk1-
{1-98) did not (Fig. 5C). These results indicate that the amino
acid sequence comprising residues 99 to 329 of Plkl contains
the p53-binding domain.

Pik1 Inhibits the p53-mediated Transcriptional Activation—
To determine whether Plkl could affect the transcriptional
activity of p53, H1299 cells were transiently co-transfected
with a constant amount of the expression plasmid encoding p53
together with the p53-responsive p21"AT! MDM?2, or BAX-
luciferase reporter constructs in the presence or absence of
increasing amounts of the expression plasmid for FLAG-Plk1.
Under our experimental conditions, ectopically expressed p53
successfully activated the transcription of each of those p53-
responsive reporters as compared with the empty plasmid con-
trols, but Pkl alone had no effect on luciferase activity (Fig. 6).
Expression of FLAG-Plk1 greatly reduced the ability of p53 to
increase the p21%AFL. MDM2-, and BAX luciferase activities
in a dose-dependent manner (Fig. 6, A-C). In addition, Plkl-
(1-98), which lacks an ability to interact with p53, did not
affect the p53 transcriptional activity toward the p2iWAFZ
MDM2, and BAX promoters (data not shown). To confirm the
inhibitory role of Plkl in the p53-mediated transactivation, we
assayed H1299 cell transfectants for induction of the endoge-
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Fic. 6. Plkl abrogates the p53-mediated transcriptional activation. p53-deficient H1299 cells (5 X 10* cells/well) were transiently
co-transfected with 25 ng of the expression plasmid for p53 together with 100 ng of the luciferase reporter construct that carries the p53-responsive
element derived from p21"¥? (A), BAX {B), or MDM?2 (C) promoter and 10 ng of the Renilla luciferase plasmid (pRL-TK) in the presence or absence
of increasing amounts of pcDNAS3-FLAG-Pllcl {50, 100, or 200 ng). The total amount of plasmid DNA per transfection was kept constant (510 ng)
with peDNAS. All transfections were performed in triplicate. Forty-eight hours after transfection, cells were lysed, and analyzed for their luciferase
activities. Firefly luminescence signal was normalized based on the Renilia luminescence signal. Results are shown as -fold induction of the firefly
luciferase activity compared with control cells transfected with pcDNA3 alone. D, immunoblot analysis. H1299 cells were transiently co-transfected
with the indicated combinations of expression plasmids. Whole cell lysates were prepared 48 h post-transfection, and analyzed for the expression
of FLAG-Plk1 (Ist panel), p53 (2nd panel), or p21WAF! (8rd panel) by immunoblot analysis with monoclonal anti-FLAG, monoclonal anti-p53, or
polyclonal anti-p21W¥AF? antibody, respectively. Total protein levels were controlled with pelyclonal anti-actin antibody {dth panel).

nous p21WAFL To this end, H1299 cells were transiently co-
transfected with a constant amount of the expression plasmid
for p53 together with or without increasing amounts of the
FLAG-PIk1 expression plasmid. Forty-eight hours after trans-
fection, whole eell lysates were prepared and subjected to im-
muncblot analysis. Equal protein loading was confirmed by
immunoblotting with the antibody against actin. As described
(46), overexpression of p53 in H1299 cells resulted in the in-
duction of the endogencus p21VAF! compared with basal levels
seen with empty plasmid (Fig. 6D, first and second lanes).
Co-expression of p53 with FLAG-Plk1 caused a significant de-
crease in the endogenous p21WAF! level in a dose-dependent
manner (Fig. 6D, third and fourth lanes). These findings
strongly suggest that Plkl has an ability to inhibit p53-medi-
ated transcriptional activation through physical interaction
with p53.

To assess the possible effect of the endogenous Plk1 on the
transcriptional activity of p53, we have employed an antisense
strategy. As shown in Fig. TA, expression of antisense PIkI in
H1299 cells resulted in a reduction of the endogenous Plkl as
detected by immunoblot analysis. We then performed lucifer-
ase reporter analysis utilizing H1299 cells. As expected, co-
expression of p53 with the antisense PIkI led to a slight but

significant increase in the p53-mediated transcriptional acti-
vation as compared with cells expressing p53 alone (Fig. 7,
B-Dn.

Plkl Inhibits the p53-mediated Apoptosis—To extend the
functional significance of the physical interaction between Plkl
and p53, we next determined whether Plk1 could affect p53-
mediated apoptosis. H1299 cells were transiently co-trans-
fected with the expression plasmid encoding p53 together with
or without the expression plasmid for FLAG-Plk1. Forty-eight
hours after transfection, cell viability was monitored by a cell
survival assay. As shown in Fig. 84, overexpression of p53
resulted in a reduction of the number of viable cells as com-
pared with that found in the control transfection, and Plkl
alone had little effect on cell viability. The reduced number of
viable cells caused by exogenous p53 was recovered by co-
expression of FLAG-Plk1. Considering that p53 induced apo-
ptosis in transfected H1299 cells (47), Plk1 might abrogate the
pro-apoptotic function of pb3. To confirm this possibility,
H1299 cells were transiently co-transfected with a constant
amount of the GFP expression plasmid together with the indi-
cated combinations of the expression plasmids. Forty-eight
hours after transfection, transfected cells were scored by flue-
rescence microscopy for the appearance of green fluorescence,
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ng}. Determination and caleulation of the luciferase activities are described in the legend to Fig. 6.

and the number of GFP-positive cells with condensed and frag-
mented nuclei were counted. Under our experimental condi-
tions, enforced expression of p53 led to an increase in the
number of apoptotic cells as compared with the control trans-
fection (Fig. 8B). In agreement with the above cell survival
assay, co-expression of p53 with FLAG-Plkl decreased the
number of apoptotic cells as compared with that resulting from
expression of p53 alene. Taken together, these resulis indicate
that Plk1 is an efficient inhibitor of p53.

Kinase-deficient Plk1 Fails to Inhibit p53—Next, we tested
whether the Plk1 kinase activity could be required for Plk1-de-
pendent inhibition of the p53 transcriptional activity. As de-
scribed previously (22), the mutant form of Plk1 (P1k1-K82M),
in which Lys® within the ATP-binding motif is replaced by
Met, completely lost the kinase activity. We therefore gener-
ated an expression plasmid encoding FLAG-PIk1(K82M), and
then examined whether Plk1(¥82M) could associate with p53,
and also affect the p53-mediated transcriptional activation.
Immunoprecipitation followed by Western detection of endoeg-
enous p53 indicated that p53 interacted with both the wild-type
Plk1 and the kinase-deficient Plk1{K82M) (Fig. 94). The effects
of the lysine mutation on the p53-mediated transcriptional
activation were tested by luciferase reporter analysis. In con-
trast to the wild-type Plkl, the kinase-deficient Plk1{K82M)
failed to reduce the p563-mediated reporter expression driven by
those constructs (Fig. 9, B-D).

To examine the effect of PIk1(K82M) on p53-dependent apo-
ptosis, H1299 cells were transfected with the expression plas-
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mid for p53 along with or without the expression plasmid for
FLAG-P1k1(K82M). Forty-eight hours after transfection, their
viahility was measured by cell survival assay. As expected, the
pS3-dependent decrease in the number of viable cells was un-
affected in the presence of the exogenous FLAG-PIk1(K82M)
(Fig. 9E). Taken together, our results strongly suggest that the
kinase activity of Plkl is required for Plkl-dependent inhibi-
tion of pb3.

ATM Antogonizes the Inhibitory Effect of Plk1 on p53—Plkl
kinase activity has been shown to be inhibited in an ATM-de-
pendent manner in response to DNA damage (19, 20). The
kinase activity of ATM was significantly increased after DNA
damage, and ATM was able to phosphoerylate p53 at the NI,
terminus on serine 15 to enhance its stability as well as its
transactivation activity (48-50). To examine whether ATM
could affect the Plkl-mediated inhibition of p53, we transiently
co-transfected H1299 cells with expression plasmids for p53
and FLAG-Plk1 together with or without increasing amounts of
ATM expression plasmid, and the ability of p53 to drive tran-
scription from the p21"4F! reporter was measured. As ex-
pected, co-expression of p53 with ATM resulted in an increase
in the transcriptional activity of p53 as compared with that of
cells expressing p53 alone (Fig. 10). Increasing amounts of
ATM largely abrogated the Plkl-mediated inhibition of the
p53-dependent transcriptional activation. It thus appears that
ATM could inhibit the activity of Plkl and thereby restore the
transcriptional activity of p53.
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Fia. 8. Plkl inhibits the pro-apoptotic activity of p53. 4, H1299
cells were transiently co-transfected with 0.6 pg of the expression
plasmid for p53 together with or without 1.2 pg of the FLAG-Plkl
expression plasmid. The total amount of plasmid DNA was kept con-
stant (2 pg) with the empty plasmid. At 48 h after transfection, cell
viability was determined by MTT cell survival assays. The graph
{mean = S.D. of three independent experiments) represents relative
viability based on the percent of viable cells compared with the control
transfection {pcDNA3). The percentage of viable cells expressing pb3
alone is significantly different from that of viable cells expressing p53
and FLAG-Plkl (p < 0.0001). B, H1299 cells were transiently co-
transfected with the indicated combinations of the expression plasmids.
A constant amount of the GFP expression plasmid (200 ng) was in-
cluded in all combinations, and the total amount of plasmid DNA was
kept constant (2 ug) by including an appropriate amount of empty
plasmid. Forty-eight hours after transfection, transfected cells were
identified by the presence of green fluorescence. Cell nucleus was
stained with propidium iodide to reveal nuclear condensation and frag-
mentation. The number of GFP-positive cells with condensed and frag-
mented nuclei was scored, and the percentage of apoptotic cells shown
in each column represents the mean of three independent experiments.

DISCUSSION

In the present study, we have found that Plk1 interacts with
p53 and inhibits its transactivation as well as apoptosis-induc-
ing activity in mammalian cultured cells. This interaction is
mediated by the sequence-specific DNA-binding domain of p53
and the region of Plkl containing the kinase domain. Impor-
tantly, Plki-mediated inhibition of pb3 requires its kinase ac-
tivity and is attenuated with ATM. Thus, our present data
support the hypothesis that p53 is ene of the critical targets of
Plkl, and that Plkl-mediated inhibition of p53 contributes at
least in part to cell fate decisions regarding survival and
tumorigenesis.

The expression of Plkl was significantly dewn-regulated in
Tesponse to cisplatin treatment. Recently, Ree et al. (51) found
that ionizing radiation leads to the suppression of PlkI mRNA
expression. It is of interest to examine whether genotoxic
stresses other than cisplatin and ionizing radiation could also
repress the expression of PIk1. On the other hand, PIkI mRNA
expression is significantly induced in various human primary
tumors (27). It is necessary to identify the promoter region as
well as the transcription factor(s) required for the transerip-
tional regulation of Pl&{ in cancerous cells. In good agreement

Functional Interaction between Plkl and p53

with the previous observations (52), Uchiumi et al. (53} have
identified the regulatory regions responsible for the activation
of the human PI2I promoter, which include a consensus Spl-
binding site and a CCAAT box. It has been shown that the
transcription factor NF-Y, a heterotrimeric complex consisting
of NF-YA, NF-YB, and NF-YC, recognizes and binds to the
CCAAT box (54). Indeed, the electrophoretic mobility shift as-
say revealed that NF-Y binds to the CCAAT box present within
the human PIkI promoter region, however, it remains to be
determined whether NF-Y and/or Spl could actually transac-
tivate the PIkT promoter in tumor cells (53). Recently, Lee and
Pedersen (55) have reported that there exist 8 GC boxes and
the CCAAT box within the type IT hexokinase (HKII) promoter,
and that NF-Y and Sp family members including Spl might
contribute to up-regulation of the HKII gene in tumor cells.
Further studies regarding the transeriptional regulation of the
Pik1 gene are necessary to clarify the molecular mechanisms of
Plk1-dependent tumorigenesis.

During the DNA damage response, the activity of ATM is
significantly increased and is responsible for the rapid phos-
phorylation of p53 at Ser'® (48—50). This ATM-dependent phos-
phorylation contributes to the increased stability and activity
of p53 by facilitating its dissociation from MDM2 (56). In ad-
dition, phosphorylation of p53 at Ser!® induces its binding to
the transcriptional co-activator p300 (57). Recently, it has been
shown that Plkl activity is inhibited in response to DNA dam-
age, and this inhibition occurs in an ATM-dependent manner
(19, 20). Our present data demonstrate that the Plkl-mediated
inhibition of p53 activity is rescued by the co-expression of
ATM, suggesting that, in addition to the ATM-dependent phos-
phorylation of p53, the activity of p53 may be enhanced at least
in part by the ATM-dependent inhibition of Plkl. Intriguingly,
Liu and Erikson (33) reported that p53 is significantly stabi-
lized in Plkl-depleted cells. In aceordance with their findings,
we have shown that the exposure of SH-SY5Y cells to cisplatin
leads to a remarkable accumulation of p53, which is strongly
associated with a significant down-regulation of the endoge-
nous Plkl both at mRNA and protein levels, suggesting that
Plk1 is closely involved in the regulation of p53 stability and
thereby modulates its activity. Under our experimental condi-
tions, however, overexpression of FLLAG-Plk1 did not affect the
amounts of the endogenous as well as the ectopically expressed
p53.

The pro-apoptotic function of p53 involves its ability to act as
a transcription factor in transactivating downstream target
gene promoters. The majority of missense mutations of p53
detected in human tumors oceur within its sequence-specific
DNA-binding domain, and these mutations cause the loss of
p53 activity (68). Thus, the structural integrity of this domain
is required for p53 function. On the other hand, several viral
and cellular proteins inactivate p53 through a variety of differ-
ent mechanisms (58). MDM2 and Pirh2 promote ubiquitination
and degradation of p53 (59—-62), Sir2« interacts with p53 and
induces its deacetylation (63). In addition, S100B calcium-bind-
ing protein prevents the oligomerization of p53 fo inhibit its
function (64). Based on our systematic immunoprecipitation
analysis, Plk1 binds to p53 through the sequence-specific DNA-
binding domain of p53. Intriguingly, SV40 large T antigen
binds to the sequence-specific DNA-binding domain of p53, and
abrogates DNA binding as well as the transactivation function
of p53 (65, 66). It is thus likely that, like SV40 large T antigen,
Plkl might mask this domain of p53 by direct binding, and
thereby inhibit its sequence-specific transcriptional activity.
Further study is required to identify the detailed molecular
mechanism.

In sharp contrast to Plk1, Xie et al. (26) found that the kinase

72



Functional Interaction between Pik1 and p53 25559

0] a
A 5 3 B 0 WAFT
2§ o 3 a0 (P
E £ £ 2 2 = .
g EEfi S 5/ 1
o
FLAG-PIk1 + o+ - - + - =
FLAG-Pki(K82M} - - + + . + G
IB:Anti-p53 — e R g
IBANG-FLAG — eemepmesemda8® | FLAG-PIk1/Plk (K82M) E
IB:ARti-Actin - it | Aclin
ps3
FLAG-PIk1(KB2M) - - ]

C D

a0. BAX

Fold activation
Fold activation

p53 p53

FLAG-PIi(K82M) - - =] FLAG-PIKI(Ka2M) - N

—_
(=]
o

80
60 +
40 ¢
20 ¢

0
p53 - + + -
FLAG-PIk1(K82M) - - + +

Fic. 9. Kinase-deficient P1k1(E82M) fails to reduce the activity of p53. A, PIk1(K82M) retains an ability to interact with p53. COS7 cells
were transiently transfected with the expression plasmid for FLLAG-Plkl or FLAG-Plk1(K82M). Forty-eight hours after transfection, cell lysates
were prepared and subjected to anti-FLAG immunoprecipitation followed by immunoblotting with monoclonal anti-p53 antibody. Immunopre-
cipitation with NMS was used as a negative control. Equal amounts of protein derived from cell lysates were immunoblotted with monoclonal
anti-p53, moneclonal anti-FLAG, or with polyclonal anti-actin antibody. B-D, P1k1(K82M) has an undetectable effect on the transcriptional activity
of p53. H1299 cells were transiently co-transfected with a fixed amount of the p§3 expression plasmid (25 ng) and the p53-responsive luciferase
reporter construct carrying the p21"4F! (B), BAX (C), or MDM2 (D) promoter (100 ng} in the presence or absence of increasing amounts of the
expression plasmid encoding FLAG-Plk1(K82M) (160 or 200 ng). The total amount of plasmid DNA per transfection was kept constant (510 ng)
with pcDNAS. Determination and caleulation of the luciferase activities are described in the legend to Fig. 6. E, Plk1{K82M) is unable to inhibit
the pro-apoptotic function of p53. H1299 cells were transiently co-transfected with the p53 expression plasmid (0.6 pg) together with or without
the expression plasmid for FLAG-PIk1(K82M) (1.2 pg). Forty-eight hours after transfection, their viability was measured by MTT cell survival
assays as deseribed in the legend to Fig. 8.

Cell survival (%)

activity of P1k3 is rapidly enhanced in response to DNA damage  fails to phosphorylate p53, and abrogates the p53-mediated
in an ATM-dependent fashion. They also described that Plk8  transcriptional activation as well as growth suppression, indi-
has the ability to interact directly with p58 and phosphorylate  eating that Plk3 might enhance the p53 activity through Ser?®
p53 at Ser™®. Moreover, a kinase-defective mutant form of Plk3  phosphorylation of p53 (26). In addition to Ser’® phosphoryla-
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Fi6. 11. Schematic representation of interactions among ATM,
Plk1, Plk3, and p53 in response to DNA damage.

tion of p53, DNA damage-induced phosphorylation of p53 at
Ser?® prevents its association with MDM2 and results in its
stabilization (67). Of note, it has been shown that PlkI phos-
phorylates pb3 in vitro but on residues that might be different
from that mediated by Plk3 (26). According to their phos-
phopeptide mapping analysis, at least three unique radiola-
beled tryptic peptides derived from recombinant p53 were de-
tected in the presence of Plkl. Recently, Nakajima et al. (68)
identified a sequence (D/E)X(STHE(D/E) (X, any amino acid;
¥, a hydrophobic amino acid} as a consensus motif for Plkl-de-
pendent phosphorylation (68). During the search for a putative
phosphorylation site(s) targeted by Plk1 within the amino acid
sequence of p53, we found a related motif (***IITLED?%°) pres-
ent within the sequence-specific DNA-binding domain of p53,
suggesting that this motif could be one of the putative phos-
prhorylation sites of p53 targeted by Plk1, although there is no
direct evidence for this possibility. According to our present
results, the kinase-deficient mutant form of Plk1 that retained
an ability to associate with p53, failed to reduce the transcrip-
tional as well as apoptosis-inducing activity of p53, suggesting
that the kinase activity of Plk1 is critical for the Plkl-depend-
ent inhibition of p53. Thus, identification of the major phos-
phorylation site(s) of p53 by Pkl is required to establish the
functional significance of the Plkl-mediated phosphorylation of
p53. In contrast, Liu and Erikson (33) reported that, like wild-
type mouse Plkl, co-expression of the kinase-defective (K82M)
mouse Plkl partially rescued the apoptotic phenotype induced
by the depletion of Plkl, indicating that the kinase activity is
not necessary for its anti-apoptotic activity. They also described
that their kinase-defective mouse Plk1 has 15-20% of wild-type
kinase activity, raising a possibility that the residual kinase

Functional Interaction between PIkI and p58

p21WAFT

activity of their mouse Plk1(K82M) might be enough to inhibit
the Plkl depletion-induced apoptosis.

Fig. 11 shows a model that incorporates our present findings,
and illustrates various interactions in response to DNA dam-
age. Given the fact that the differential expression of Plk1 and
Plk3 during the cisplatin-induced apoptosts, and their differ-
ential effects on p53, it is conceivable that the balance between
intracellular expression levels of Plk1 with oneogenic potential
and pro-apoptotic Plk3 is at least in part responsible for the
determination of the cell fate via the physical and functional
interaction with p53.
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Expression profiling and differential screening between hepatoblastomas
and the corresponding normal livers: identification of high expression of the
PLK1 oncogene as a poor-prognostic indicator of hepatoblastomas
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Hepatoblastoma is one of the most common malignant
liver tumors in young children. Recent evidences have
suggested that the abnormalities in Wat signaling path-
way, as seen in frequent mutation of the S-catenin gene,
may play a role in the genesis of hepatoblastoma.
However, the precise mechanism to cause the tumor has
been elusive. To identify novel hepatoblastoma-reiated
genes for unveiling the molecular mechanism of the
tumorigenesis, a large-scale cloning of c¢DNAs and
differential screening of their expression between hepato-
blastomas and the corresponding normal livers were
performed. We constructed four full-length-enriched
c¢DNA libraries using an oligo-capping method from the
primary tissues which included two hepatoblastomas with
high levels of alpha-fetoprotein (AFP), a hepatoblastoma
without production of AFP, and a normal liver tissue
corresponded to the tumor. Among the 10431 cDNAs
randomly picked up and successfully sequenced, 847
(8.1%) were the genes with unknown function. Of interest,
the expression profile among the two subsets of hepato-
blastoma and a normal liver was extremely different. A
semiquantitative RT-PCR analysis showed that 86 out of
1188 genes tested were differentially expressed between
hepatoblastomas and the corresponding nermal livers, but
that only 11 of those were expressed at high levels in the
tumors. Notably, PLK7 oncogene was expressed at very
high levels in hepatoblastomas as compared to the normal
infant’s livers. Quantitative real-time RT-PCR analysis
for the PLK] mRNA levels in 74 primary hepatoblasto-
mas and 29 corresponding nontumorous livers indicated
that the patients with hepatoblastoma with high expres-
sion of PLKI represented significantly poorer ouicome
than those with its low expression (5-year survival rate:
55.9 vs 87.0%, respectively, p=0.042), suggesting that
the level of PLKT expression is a novel marker to predict
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the prognosis of hepatoblastoma. Thus, the differentially
expressed genes we have identified may become a useful
tool to develop mew diagnostic as well as therapeutic
strategies of hepatoblastoma.
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Keywords: hepatoblastoma; expression profile; oligo-
capping cDNA library; PLK1; prognostic factor

Introduction

Hepatoblastoma (HBL) is the most common hepatic
cancer in children (Exelby et af., 1975, Weinberg and
Finegold, 1983). However, the etiology of HBL has been
unclear in contrast to the adult hepatocellular carcino-
ma (HCC), in which preceding infection of hepatitis
virus is often found (Buendia, 1992; Idilman et al.,
1998). Although most HBLs are sporadic, it is some-
times associated with certain hereditary diseases such as
Beckwith—-Wiedemann syndrome (Albrecht ez al., 1994)
and familial adenomatous polyposis (Li et al., 1987;
Giardiello et al., 1996; Kinzler and Vogelstein, 1996). In
the former, loss of heterozygosity of chromosome
11p15.5 is frequently observed, and the abnormal
regulation of the insulin-like growth factor 2 (IGF2)
and the HI9 genes at this locus may contribute to the
disease (Albrecht et al., 1994; Montagna er al., 1994; Li
et al., 1995; Rainier et al., 1995, Yun et al., 1998:
Fukuzawa er al., 1999). In the latter, the 4PC gene,
which is one of the key molecules in Wnt signaling, was
found to be constitutively mutated (Kinzler and
Vogelstein, 1996).

Increasing evidence suggests that Wnt signaling
pathway also plays an important role in the genesis of
sporadic hepatoblastomas. A high frequency (more than
60% in some reports) of somatic mutations in the j§-
catenin gene has recently been reported in sporadic
tumors (Koch ez al., 1999; Wei er al., 2000; Takayasu



Differential screening of hepatoblastoma cDNA libraries
$ Yamada et af

5002

ef al., 2001; Buendia, 2002). Mutant f-catenin proteins  using full-length-enriched oligo-capping c¢DNA li-
accumulate in the nucleus, resulting in stimulating  braries. In the present study, we have identified 86
transcription of the target genes such as c-mpc and  genes differentially expressed between HBLs and their
cyclin DI (Morin et al., 1997; Polakis, 1999). Mutation  corresponding normal livers. One of such genes, PLKI,
in the Axin gene, whose product is an antagonist of  showed a significantly high expression in the formers as
nuclear accumulation of f-catenin, has also been found  compared with the latters, and its high expression was
in HBL and may contribute to the pathogenesis of the  significantly associated with poor prognosis of HBLs.
tumors without fi-catenin mutation (Taniguchi er al.,
2002, Miao et al, 2003). However, the molecular
mechanism underlying the pathogenesis of HBL is still R
largely unknown. esults

gely un

Recent progress in therapeutic strategies including o ) L ) .o
intensive chemotherapy and liver transplantation im- Expression profiles of primary HBLs and a normal live
proved the outcome of the patients with HBL. However, = To obtain the genes expressed in primary HBLs and
the prognosis of a significant fraction of the tumors still  normal infant’s liver, we constructed oligo-capping
remains poor. The clinical markers currently used for ~ c¢cDNA libraries from two primary HBLs with increased
HBL include staging, which is a major instrument for ~ AFP secretion (HMFT, HYST), a primary HBL with-
assessing prognosis (Hata, 1990), serum alpha-fetopro-  out AFP secretion (HKMT), and a corresponding
tein (AFP) (Mann et al., 1978), mitotic activity (Haas  normal liver (HMFN). After cloning 3000 cDNAs from
et al., 1989}, DNA ploidy (Hata et al., 1991), nuclear  each of the four cDNA libraries, 2289, 2837, 2537, and
localization of f-catenin (Park et al., 2001), p53 2768 clones from the libraries of HMFT, HYST,
mutation (Oda er af., 1995), and chromosomal altera- HKMT, and HMFN, respectively, were successfully
tion (Weber ez al., 2000). Serum AFP level is used as a  end-sequenced. Homology search against the public
diagnostic marker to monitor the tumor progression, databases of those 10431 clones by BLAST program
responsiveness to the therapy, and recurrence after the  revealed that 847 clones (8.1%) in total contained novel
treatment. Extremely high levels of serum AFP are  sequences which had not been annotated (Table 1).
reported to be associated with aggressiveness of the To elucidate the gene expression pattern in each
tumors with unfavorable outcome (van Tornout e al., cDNA library, we compared expression profile of the
1997), except some reports showing that there is no  known genes that appeared in three different kinds of
significant relationship between initial serum AFP levels  libraries, a HBL with positive AFP (HMFT), a HBL
and prognosis of the patients with HBL (Ortepa er a/.,  with negative AFP (HKMT), and an infant’s liver
1991; von Schweinitz et al., 1994). Moreover, the tumor  (HMFN) (Table 2). BodyMap (Okubo et /., 1992) and
with low jevels of serum AFP often grows rapidly and is  a serial analysis of gene expression (SAGE) (Velculescu
often reluctant to chemotherapy (von Schweinitz et al., et al., 2000) are very good methods to quickly provide
1995). The other genetic markers including DNA ploidy, quantification of the levels of all mRNAs in certain
chromosomal aberration, and p53 mutation are not so  tissues and cell types by high throughput end-sequencing
powerful clinical indicators. Even the nuclear localiza- of cDNA clones. In this study, we applied the former
tion of f-catenin and/or mutation of the f-catenin gene  method by counting ¢cDNA clones to show each
appear to lose their impact as a prognostic factor when  expression profile of HBL tumors or a non-tumorous
combined with the grade of histological differentiation tissue. Although each library consists of 3000 clones,
because of its close correlation with the latter (Takayasu which may be a rather small number, the frequency of
et al., 2001). Therefore, we may need to find novel  each cDNA appearance provides a hint to understand
markers to predict the patient’s outcome in a compre-  each tissue’s genetic background.
hensive way. Overall, the most frequently appeared gene was

To understand the molecular mechanism of the  albumin as expected, which was extremely low in the
genesis and progression of HBL, as well as to develop  tumor with negative AFP. Genes involved in cellular
a novel diagnostic and therapeutic system for the tumor,  structure and/or maintenance, glucose and lipid meta-
we have randomly cloned 10431 ¢cDNAs expressed in  bolisms, and a part of protein synthesis and its transport
primary HBL tissues and a normal infant’s liver by  were frequently found in the normal liver library. On the
Table 1 Summary of the number of genes cloned from the cDNA libraries of hepatoblastomas and a normal infant liver of hepatoblasiomas
Oligo-capping cDNA library No. of the clones No. of the genes No. of the

successfully genes with
end-sequenced wunknown function
Hepatoblastomas with positive AFP 6000 5126 323 (6.3%)
Hepatoblastoma with negative AFP 3000 2537 262 (10.3%)
Infant’s liver 3000 2768 262 (9.5%)
Total 12000 10431 847 (8.1%)
Oncogene
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Table2 Comparison of the known genes frequently appeared in hepatoblastomas with or without secretion of AFP and a non-tumorous infant's
liver

No. of appearance of the genes

Gene symbol Acc. no. Gene name HBL with  Normal  HBL with
positive nfant's negative

AFP liver AFP
Total number of genes 2289 2768 2537
Frotein synthesis, metabolism, transport
ALB NM_000477  Albumin 558 482 8
AFP NM_00E134  Alpha-feto protein 67 0 0
AGT NM_000029 Angiotensinogen 43 16 0
EEF1A1 X03558 Eukaryotic translation elongation factor 1 alpha 1 15 20 87
RPL27A NM_000990  60S ribosomal protein L27a 3l 4 52
FTL Mi1147 Ferritin 24 11 3
FGA NM_021871 Fibrinogen, A alpha polypeptide 20 38 2
HP KQ1763 Haptoglobin 19 ¢ 1
ORMI X02544 Qrosomucoid-1 12 8 0
RPS27 NM_001030 Ribosomal protein 527 11 4 31
F2 J60307 Coagulation factor 2 11 26 0
TF NM_001063 Transferrin 8 6 0
PAH U49897 Phenylalanine hydroxylase 6 6 6
PLG NM_000301 Plasminogen 5 8 0
SERPINAI X01683 Serine proteinase inhibitor, clade A, member | 5 6 0
GC NM_000583 Group-specific component 4 21 1
RPS29 NM_001032 Ribosomal protein S29 3 1 0
CTSB NM_147783 Cathepsin B 2 5 3
SERPINGI1 BCO11171 Serine proteinase inhibitor, clade G, menber 1 2 33 0
CRP X56692 C-reactive protein 1 g 0
ITIH2 NM_002216 Inter-alpha (globulin) inhibitor, H2 polypeptide 0 25 0
Growth factor
MST] M74178 Macrophage stimulating | 8 16 0
Cell signaling
WIF1 NM_007191  Wnt inhibitory factor 1 0 0 11
DKKI1 NM_012242 Dickkopf 0 ¢ 7
Cell structure, adhesion
VTN NM_000638 Vitronectin 7 30 0
ACTB BC013380 Actin 6 17 6
LRG AF403428 Leucine-rich alpha-2-glycoprotein 6 It 0
VIM NM_003380 Vimentin 0 3 38
Cell cycle
RBM4 NM_002896 RNA binding motif protein 2 0 21
RAPIB NM_015646 RAPIB 0 0 11
Organism defense
BF L15702 B-factor, properdin 5 13 0
GPX1 NM_000581 Glutathione peroxidase 4 0 0
CIR NM_001733 Complement component 1 1 21 H
Glycomerabolism
LDHA NM_005566 Lactate dehydrogenase 19 28 7
ADHIB AF153821 Alcohol dehydrogenase 15 29 1
CES1 LO7764 Carboxylesterase 9 22 2
ALDHI1AL NM_000689 Aldehyde dehydrogenase 2 13 2
Lipid metabolism
EPHXI1 NM_000120 Epoxide hydrolase 1 7 12 0
APOA2 NM_001643  Apolipoprotein A-IT [ 2 0
ADFP BC005127 Adipose differentiation-related protein 5 14 1
Hear shock protein, metabolic enzyme
UGT2B4 Y00317 UDP-glucuronosyltransferase I} 32 2
HSPAS NM_006597 Heat shock 70 kDa protein [ 6 1
Unknown, others
ATP5A1 NM_004046 ATP synthase 18 11 23
SEPPI NM_005410 Selenoprotein P 7 10 2
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