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a Spotted immunogen peptide
CEEEGEEY CGEEEGEE CEGEEEGE
IB: anti-Tyr-tubuiin .
. . L
I8: anti-Glu-tubulin . - K
1B: anti-A2-tubulin P
L
b Tag-hTTL

Ficure 3-hTTL has a tyrosination activity in
mammalian cultured cells. {a) Specificity of antibod-
ies. The indicated synthetic peptides were spotted on
the filter and immunoblotted with the polyclonal anti- €
Tyr-tubulin (top), anti-Glu-tubulin (middle), or anti-
A2-tubulin antibody (bottom). (&) Expression of
FLAG-tagged hTTL. Whole-cell lysates prepared
from COS7 cells transfected with the empty plasmid
or with the expression plasmid for FLAG-tagged
ETTL were subjected to immunoblotting with the
anti-hTTL antibody (top). The expression level of
a-tubulin was examined o ensure equal loading (bot-
tom). (c) The exogenously expressed hTTL has a
catalytic ectivity. HEK293T cells were transfected
with increasing amounts of the hTTL expression
plasmid. Forty-eight hours after transfection, whole-
cell lysates were prepared and immunoblotted with
the indicated antibodies. The expression level of ac-
tin is included as a loading contro! (bottom).

cells with 1 nM BMP2 or 5 pM RA induced remarkable morpho-
logic differentiation by day 8. The hTTL protein level was in-
creased after day 2 and peaked on day 6 in the former and on day
3 in the latter. Thereafter, it appeared to be decreased. Thus, hTTL
was induced during induction of neuronal differentiation in NBL
cells.

Expression of RTTL mRNA in primary neuroblastomas

To evaluate the clinical significance of ATTL, we examined the
expression of RTTL mRNA in 16 favorable (stage 1, high expres-
sion of TrkA and a single copy of MYCN) and 16 unfavorable
(stage 3 or 4, low expression of TrkA and amplification of MYCN)
NBLs using semiquantitative RT-PCR. As shown in Figure 5(a),

Figurg 2 — Genomic structure, alignment of amino acid sequence
and mRNA expression of human TTL. (a) Genomic structure of ATTL.
The ATTL gene that is mapped to 2q13 consists of 7 exons. Untrans-
lated regions (open boxes) and coding regions (hatched boxes) are
shown. Numbers indicate nucleotide position in human BAC clone
RPI1-1124 (accession number AC012442). () Comparison of amino
acid sequences among mammalian TTLs. The gaps produced by the
alignment are indicated by a hyphen in the sequence. The conserved
amino acid residues in TTLs are shown by asterisks below the align-
ment. (¢) Tissue distribution of ATTL mRNA. The expression levels of
ATTL mRNA in the indicated human tissues were examined by semi-
quantitative RT-PCR (top). GAPDH expression was also examined as
an internal control {bottom).
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hTTL was preferentially expressed in favorab]e NBLs Therefore.
we next performed quantitative real-time RT-PCR to measure the
levels of RTTL transcript in 74 primary NBLs. Table I shows the
quantitative levels of ATTL mRNA expression (mean £ SEM) by
age (< 1-year-old vs. = l-year-old), tumor stages (1 + 2 + 4s vs,
3 + 4), TrkA expression (low vs. high), MYCN gene copies (single
vs, amplified), crigin (adrenal gland ws. others), mass screening
(tumors found by mass screening vs. sporadic tumors) and prog-
nosis (alive vs, dead). High levels of ATTL expression were sig-
mﬁca.ntly associated with favorable stages (p = 0.0069), high TrkA
expression (p = 0.002), a smgle copy of MYCN (p < 0.00005),
tumers. found by mass screening (p = 0.0042), ongms other than
adrenal gland (p = 0.0042) and a good prognosis (p = 0.023).
hTTL expression was marginally associated with age. The log-rank
test indicated that ATTL expression was associated with better
survival (p = 0.026), which was also indicated in the Kaplan-
Meier cumulative survival curves (Fig. 55).

The univariate Cox regression was employed to examine the
individual relationship of each variable to survival (Table II).
Expression of ATTL, age, MYCN copy numbers and mass screen-
ing were found to be of prognostic importance, supporting the
results of the log-rank test. However, since ATTL expression was
highly associated with MYCN, mass screening and origin, multi-
variable Cox models were not fitted to assess the predictive im-
portance of ATTL expression for survival after controlling these
prognostic factors, suggesting that expression of hTTL was not an
independent prognostic indicator.
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Figure 4 -TTL is mduced ring BMP2- and RA-mediated neuroblastoma differentiation. (a) BMP2- or RA-induced mo:phologlc changes &

in RTBM! neuroblastoma cells.

RTBMI cells were treated with BMF2 or RA at"a final concentration of 1'nM or'5 LM, respectively, and = R

maintained for 8 days. (&) Expressnon levels of hTTL are increased in response to BMP2, At the indicated time points after the treatment with
BMF?2 {at a final concentration of 1 nM), whole-cell lysates prepared from RTBMI cells were subjected to immunoblotting with the antibody

against hTTL (top). Actin protein levels were determined as a toading conitrol (bottom). {¢) Induction of hTTL in response to RA. RTEM1 cells Lo

were exposed to RA at a final éoncentration of 5 M. Whole-cell lysates were prepared at the indicated time points after the treatment with RA
and subjected to immunoblotting with the anti-hTTL (top) or with antiactin (bottom) antibody. d.u., arbitrary density units.

v
Immunohistochemistry

To determine the expression pattern of hTTL protein in
primary NBLs, we performed immunohistochemical study for &
favorable {stage | or 2 and a single copy of MYCN) and 4.
unfavorable (stage 3 or 4 and amplified MYCN) NBLs. hTTL,
Tyr-tubulin and Glu-tubulin were positively detected both in
the cytoplasm of the neuroblastic cells and in the fine meshwork
of neuropil of all 6 tumors with favorable histology (Shimada’s
classification) and a single copy of MYCN (Fig. 6a-c). In
contrast, all 4 tumors with' unfaverable histology and MYCN
amplification were negative for Tyr-tubulin and Glu-tubulin, -

and only 1 tumor in this subset was positive for hTTL. (Fig.. .-

6f-h). Interestingly, all 10 NBL tumors were positive for A2-
tubulin, but whose staining pattern was rather distinct in dif-
ferent subsets of the tumors. In the favorable tumors, A2-
tubulin showed a localization similar to hTTL, Tyr-tubulin and
Glu-tubulin and was detecfed in the cytoplasm and in the fine
neuropil (Fig. 64). On the other hand, A2-tubulin in the aggres-
sive tumors was found only in the cytoplasm of neuroblastic

cells, since they had no or a very limited capability of neuritic
process production (i.e., neuropil formation; Fig. 6i).
CD56 was detected in all 10 tumors, regardless of the his-

_tology and MYCN status (data not shown). TrkA was detected in

all of 6 favorable tumors (Fig. 6e), but was negative in 3 of 4
aggressive tumors (Fig. 6/). It was noted that one unfavorable
tumor with wea.ldy positive trkA showed positive staining for

“TTL. Ki-67 staining tevealed 10-20% and 60-70% positive”
. cells in the favorable and the unfavorable tumors, respectively

(data not shown}.

* 'DISCUSSION
In the present study, we have identified human ortholog of

tubulin tyrosine ligase gene, which is highly conserved among the
mammalian species. ATTL mRNA is ubiquitously’ expressed but

rather preferential in both fetal and adult brains as well as in lung. - = - »

The specific antibodies raised against RTTL, Tyr-tubulin, Glu-
tubulin and A2-tubulin have confirmed the catalytic activity of
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TABLE I -RESULTS OF LOG-RANK TESTS FOR CONVENTIONAL -

a Favorable neuroblastomas
i roG T EACTES AN BT o T B
m:,;: g . oy Variable n RTTL expression' p-value
Unfavorahle neuroblastormas Age (year) . 0.1
7 & 3 6 8 % 7 8 0 1 11 52 w14 s 8] <1 43 11714
3R b o i it g - e =1 31 7710 .
GAPCH e L rmen [l = ane duw o - - Tumor stage ':0.0069
1,2, 4s 40 127 = 14 b
3,4 34 699 {
b 1.004 TrkA expresston 10.002
High 36 125 = 17
Low 38 T7T=8
High expression ATTL (n=37) MYCN <0.00005
Single ‘52 12311
> 0754 Amplified 22 46 =
= Mass screening - 128 + 14 0.0042
] - + *
3 Low axprasson ATTL (n=37) M 37 72+ 10
& o5 O enal gand 47 85 = 11 00042
- nal glan + "
E p=0.026 Others 27 127 = 16 ‘
F Prognosis 0.023
= Alive 58 I3 =x11
.25
@ Dead 16 54+ 11
'Mean + SEM.
o -:.: y
) 1 2 3 5 TABLE T - COX REGRESSION MODELS USING DICHOTOMOUS FACTORS
Yeara after diagnosis OF AGE, MYCN AMPUEI)&%EJS% MASS SCREENING, ORIGIN AND

Ficure § - Expression of kTTL mRNA is associated with unfavor-
able prognosis of neurcblastoma. (2) Total RNA was purified from the
indicated favorable (top) and unfavorable NBL tissues (bottom) and
subjected to semiquantitative RT-PCR. Sixteen favorable cases used in
this study were classified as stage 1 NBL with a single copy MYCN as
well as a high expression of TrkA. Sixteen unfavorable cases were in
stages 3 and 4 NBL with MYCN amplification as well as a low Trkd
expression. GAPDH expression was also examined as an internal
control. (b) Association of ATTL mRNA expression levels with favor-
able prognosis of NBL. Total RNA was prepared from 74 NBL tissues,
and ATTL mRNA levels were assayed by quantitative real-time RT-
PCR as described in text. The values of ATTL mRNA were normalized
by GAPDH. The survival of ATTL relatively high-expression group
{n = 37) and RTTL low-expression group {(n = 37) was compared
using the Kaplan-Meier procedure.

hTTL encoded by the ATTL gene in the cells. Interestingly, hTTL
is induced during neurits extension in RTBM1 NBL cells treated
with BMP2 or RA, suggesting that hTTL expression is associated
with neuronal differentiation in human NBL. Immunohistochemi-
cally, favorable NBLs are positive for hTTL, Tyr-tubulin, Glu-
tubulin and A2-tubulin, whereas unfavorable tumors with MYCN
amplification are positive only for A2-tubulin, suggesting that
deregulation of tyrosination/detyrosination cycle contributes to
malignant progression of NBL. This hypothesis has been further
supported by a significant decrease of the levels of ATTL expres-
sion in the patients with poor prognosis.

The dynamics of microtubule regulates many cellular functions,
including mipration, motility, differentiation, cell division and
cellular cap formation. Though posttranslational modifications of
tubulin and their enzymatic regulation bave long been studied, the
precise mechanisms are still largely unknown. It is interesting that
no orthologs of highly conserved mammalian TTL have so far
been reported in Caenorhabditis elegans, Drosophila melano-
gaster and Saccharomyces cerevisiae, suggesting that the tyrosi-
nation/detyrosination cycle of mbulin may be related to evolution
of the cellular functions, including neuronal differentiztion. In
newborn rats, TTL expression is found in skeletal muscle at high
levels and is developmentally regulated by rapidly decreasing its
level during early postnatal period.?! It is interesting that both
BMP2 and RA, which have increased levels of hTTL expression,

Factar p-valoe (95% confidenos intervad
hTTL expression (log) 0.024 0.64 (0.44, 0.94)
Age (> 1 vs. < 1 year) 0.005 504 (161, 15.8)
MYCN (1 copy vs. > 1 <0.0005 0.06 (0.017,0.22)
capy)
M?ss screening 0.004 0.05 (0.007, 0.38)
+ v =)
Origin (adrenal gland 0.31 1.79(0.58,5.57
vs. others)

function as regulators to induce differentiation during neural de-
velopment.

The tyrosination/detyrosination of tubulin may be regulated by
the activities of both TTL and tubulin carboxypeptidase (TCP).
Until now, however, the TCP gene has never been identified in
vertebrates, although biochemical TCP activity has been reported
to be present in some subcellular fractions.!®* Tubulin is also
posttranslationally modified by nitrotyrosination. Eiserich et al.3?
showed that free 3-nitrotyrosine (NO,Tyr) is transported into
maminalian cells and selectively incorporated into the Glu-tubulin
posttranslationally, which is catalyzed by TTL. Cellular injury
such as microtubule disorganization has consequently been in-
duced. Kalisz ef al.3* also showed that nitrotyrosine can be incor-
porated into a-tubulin by in vitro assays. Those reports demon-
strated that carboxypeptidase A is incapable of cleaving
nitrotyrosine from the modified o-tubulin. On the other hand, Bisig
et al>* reported that nitrotyrosinated tubulin is a good substrate of
physiologic TCP, and that it has a similar capability to that of the
tyrosinated tubulin to assemble into microtubules, suggesting that
incorporation of nitrotyrosine is not injurious at least té dividing
cells. Thefefdre, whether nitrotyrosinated tubulin is harmiful or not
is still controversial. Nevertheless, as increased nitrotyrosination is
reported in Alzheimer's disease and amyotrophic lateral sclero-
5is,35-37 the functional analysis of the role of h'TTL and tubulin
tyrosination/detyrosination cycle should be important for under-
standing the pathogenesis of these disease. The treatinent of cells
with methylmercury (MeHg) is also reported to induce perturba-
tion of cellular activities associated with the tbulin/microtubule
system by altering the status of tubulin tyrosination in the rat



Ficure 6 - Immunohistochernical stainings for h'TTL (a), T)Vn;-mbu-r
lin' (b), Glu-tubutin {c), A2-tubulin (d) and TrkA (¢} in an FH&NA

. tumor. The tumor (neurcblastoma of poorly differentiated subtype....
7~ "with a low mitosis-karyorrhexis index, diagnosed at the age of 10

months) is classified into a favorable histology group. All markers are
positive both in the cytoplasm and in the meshwork of neuropil.
Neuropils are indicated by arrowheads. Immunohistochemical stain-
ings (X400) for hTTL (f), Tyr-mbulin (g), Glu-tubulin (4), A2-tubulin
() and TrkA () in an UH&A tumor. The tumor {neurcblastoma of

undifferentiated subtype with a low mitosis-karyorrhexis index, diag~-- -
nosed at the age of 21 months) is.classified into an unfavorable - -

histology group, Tumor cells lack neurcpil formation and are uni-
formly negative for hTTL, Tyr-tubulin, Glu-tubulin and TrkA. Only
A2-tubulin is detected in the cytoplasm of tumor cells (see Fig. 4i).
Original magnification, X400. - -
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brain.3® Therefore, many cel]q]a.f stresses such as oxidative dam-

age may trigger dysfunction of the wbulin/microtubule cytoskel- .

etal system.

Our present study has shown that the decreases in Tyr-tubulin
and Glu-tubulin are associated with relatively low levels of hTTL
expression in unfavorable NBLs, which have lost a potency of
neuronal differentiation and/or apoptosis. They are also correlated
with decreased levels of TrkA, a high-affinity receptor for nerve
growth factor, whose activation induces morphologic differentia-
tion of NBL cells.?® In addition, gradual upregulation of hTTL has
been observed during induction of neurcnal differentiation in
RTBM! cells treated with BMP2 or RA. These suggest that the
induction of neuronal differentiation in NBL is accompanied with
the activated tyrosination/detyrosination cycle regulated by in-
creased level of KTTL enzyme, while the cycle is arrested by
downregulation of hTTL in proliferating NBL cells, resulting in
accumulation of A2-tubulin within the cells. Indeed, the expression
levels of ATTL mRNA and A2-tubulin are significantly correlated
with the prognosis of primary NBLs. This is consistent with the
observation that TTL activity is lost, and conversely A2-tubulin is
upregulated during the tumoricell growth.!? Lafanechere et al.'*
have demonstrated by using mouse TTL null cells both in vitro and
in vivo that mouse TTL activity is strongly decreased during tumor
growth. Mas er al.!$ have also reported that, using rat TTL dom-

inant negative mutant and an antisense cDNA of rat TTL, suppres- -
sion of TTL activity induces 2- to 3-fold faster cell proliferation. .
Moreover, in human breast cancers, the accumulation of Glu- -

tbulin and A2-tubulin is correlated with poor prognosis by im-
munohistochemical approach.2® It is noteworthy that our prelimi-
nary data using the microarray hybridized with total RN A obtained
from 136 primary NBLs have shown that the gene with the highest
score to predict prognosis of NBLs is a-tubulin (data not shown).
Thus, the role of microtubule and its component, a-tubulin, is very
important to define the biology as well as the aggressiveness of
cancer cells,

In conclusion, we have identified a hwman wwbulin tyrosine
ligase gene and demonstrated its tissue distribution and correlation
with neuronal differentiation. Since our data have suggested that

KATO ET AL

the tyrosination cycle of a-tubulin is activated in differentiating
NBLs but is inactivated in proliferating tumors, the cycle-related
molecules including hTTL could be the targets for developing
novel therapeutic strategies against advanced stages of NBL.
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Decreased expression of the candidate tumor suppressor
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Abstract. INGT has been identified as a novel candidate tumor

_suppressor gene using a genetic suppressor element (GSE)
strategy. Ectopic expression of INGI in mammalian cultured
cells canses cell cycle arrest and apoptosis through a p53-
dependent and/or p33-independent pathway. However, there
has been no report on the prognostic significance of the ING1
expression level in human cancers, though the expression of
the wild-type ING] gene is significantly decreased in breast,
lymphoid and gastric cancers as compared with their cor-
responding normal tissues. In order to explore the possible
involvement of ING] in tumorigenesis of neuroblastoma, we
examined the expression levels of INGT mRNA in 32 primary
neuroblastomas by using a quantitative real-time PCR., INGI
mRNA was expressed independently of the disease stages.
However, low levels of INGI mRNA were significantly
associated with a poor prognosis (log-rank test, p=0.017).
Mutltivariate analysis showed that the expression level of
INGI was closely related to survival (p=0.0203, even after
controlling with age (p=0.008) or stage (p=0.025), while it
was only marginally significant after controlling with Trkd
expression (p=0.063). Mutation analysis revealed that there
was no mutation or deletion of the INGT gene except | silent
mutation at codon 188 in primary neuroblastomas examined.
Taken together, our results suggest for the first time that a
decreased level of ING! expression is a novel indicator of
poor prognosis in advanced stages of netroblastoma, and that
ING1 may play a crucial role in genesis and progression of
neuroblastora.

Introduction

Neuroblastoma. which is derived from the sympathoadrenal
lineage of the neural crest, is one of the most common pediatric
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solid tamors (1). Neuoroblastoma is an enigmatic tumor and
shows distinct biology in 2 subsets. A subset of tumors in early
stages has favorable prognosis and usually occurs in patients
<1 year of age. They have no amplification of the MYCN enco-
gene and often differentiate and/or regress spontancously. In
contrast, the other is a subset of tumors in the advanced
stages with poor prognosis, which usually possesses MYCN
amplification and allelic loss in the distal region of the short
arm of chromosome 1. However, there is an intgrmediate type
of neuroblastoma which displays advanced phenotypes but
has no MYCN amplification (2). From the clinical point of view,
the fatter type of neuroblastoma is the most problematic, and
it is quite difficult to decide which therapeutic strategy should
be chosen.

ING1 has been identified as a novel candidate tumor sup-
pressor gene by using a novel strategy, which combines a
subtractive hybridization and in vive selection system (genetic
suppressor elements method, GSE) {3,4). The INGI gene
encodes a nuclear protein with a molecular mass of 33 kDa,
which exhibits no significant homology with known proteins
filed in the public databases. According to the recent reports.
there exist at least 3 /NGI variants arising from alternative
splicing of mRNA (5.6). It has been mapped to human chromo-
some 13q33-q34, the region of which is known to be involved
in the progression of various cancers (7-10). Expression of
ING1 is regulated in a cell cycle-dependent magner, reaching
a maximal level during the S-phase (11-13). Ectopic expression
of INGI in certain manimalian cultured cells results in a cell
cycle arrest at the GO/G1 phase, suggesting that ING1 acts as
a potent growth regutator (4). Furthermore, the physical and
functional interaction of ING1 with tumor suppressor p53 has
been reported and this could be one of the key mechanisms of
the p33-mediated growth regulation (14). In addition, mutation
of ING] which generates a truncated protein has been found
in one of the neuroblastoma cell lines (4), suggesting that ING1
might be involved in genesis and/or progression of neuro-
blastoma.

To confirm this possibility, we performed mutation analysis
of the ING1 gene and also examined the expression levels of
INGI mRNA in 32 primary neuroblastoma tissues. Although
we did not detect any mutations or deletions;-we found a
significant decrease in the expression levels of INGI mRNA
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in neuroblastoma tissues derived tfrom patients who died of the
discasc. Thus, our present study suggests that the decreased

“level of INGI expression is a novel indicator of poor
prognosis in advanced neuroblastoma.

Materials and methods

Patients and tumor tissues. Among 32 samples, [ cases were
identified by a mass screening program for neuroblastoma that
began in 1985 in Japan. Eight tumors were obtained from
patients treated at the Pediatric Oncology Group Institutions
or other institutions in the United States, All tumors were
diagnosed by histologic assessment. These consisted of 4
ganglioneuroblastomas and 28 neuroblastomas, all of which
were considered neuroblastomas in these analyses. Staging was
pertormed according to the staging system described by Evans
et al (15), and identified 9 stage 1, 4 stage IT, 7 stage II1, 5 stage
IV and 7 stage IVs. All of the patients were treated according
to previously described protocols (16-20). Despite differences
between the protocols for the Japanese patients and those for
the patients treated by the Pediatric Oncology Group, dmgs
and their doses were similar and the stage-specific survival
rates obtained by these 2 «roups did not differ significantly
{data not shown). The median follow-up period after diagnosis
was 26 months (range, 7-63). None of the patients underwent
bone marrow transplantation. |

Southern hybridization. The MYCN gene amplification was
examined by Southern analysis. High molecular weight
genomic DNA prepared from frozen neuroblastoma tissues
was digested completely with EcoRI, separated by 1%
agarose gel electrophoresis;and transferred onto a nylon
membrane filter. The filter was fixed by UV irradiation and
hybridized at 42°C in a solution containing 6X $SC, 5x
Denhardt’s solution, 0.5% SDS and *P-labeled MYCN DNA.
After hybridization, the filter was washed extenstvely at 50°C
in 0.1X SSC containing 0.1% sarcosine and exposed to X-ray
film with an intensifying screen at -70°C. The MYCN copy
number was determined as described previously (21).

Northern blot analysis. Total RNA was extracted from 0.5-
1.0 g of frozen neuroblastoma tissues using a standard
guanidine thiocyanate extraction procedure (22). Total RNA
(20 ng) was electrophoresed in 1% agarose gel ander
denaturing conditions and transtc.rred by capillary onto nylon
membrang filters. Hybrxdlzangn was conducted at 42°C under
the standard conditions in 6X S$SC, X Denhardt's solution,
0.5% SDS and a radio-labeled cDNA probe for TrkA and p53.
After hybridization, filters were washed at room temperature
in 2X §SC/0.1% sarcosine followed by 2 washes at 50°C in
0.1X 85C containing 0.1% sarcosine and then exposed to X-
ray film with an intensifying screen at -70°C. To normalize
the expression level of genes of interest, filters were stripped of
probes and rehybridized withf;l radio-labeled ¢cDNA encoding
JS-actin. The intensity of each specific band was measured by
a densitometric scanning, and the expression level of each
genc was expressed as arbitrary density units. The distinction
between high and low level of TRK-A expression was based
on the value of the lustocrram that gave the best natural
separation (23).

A
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QOuantitarive RT-PCR analysis. The expression level of NG/
was measured by a real-time RT-PCR method (24). Total RNA
(2 ug) was converted to first-strand cDNA using Superscript I
reverse transcriptase (Life Technologies, Rockville, MD, USA),
The PCR amplification was performed with the following
primers: ING1 sense (725F) (5'-AGATGATCGGCTGCGAC
AA-3') and antisense (1038R) (5-TCCCTATGAAAGGA
ATGGTTCC-3"). The probe oligonucleotide (952T) (5'-
TACATTGCCTTTGTTGAGGTGCAT-3") which hybridizes
with the target sequences of the PCR products, was labeled
with a reporter fluorescent dye (FAM, 6-carboxy-fluorescein)
and a quencher fluorescent dye (TAMRA, 6-carboxytetra-
methyl-rhodamine) at its 5- and 3'-end, respectively. PCR
was carried out in a 25 ! reaction mixture containing 0.2 pM
of each primer, 0.3 mM dATP, 0.3 mM dGTP, 0.3 mM dCTP,
0.6 mM dUTP instead of dTTP. 4 mM Mn{OAc),, 1X
TagMan EZ Buffer A, 0.25 units of AmpErase uracil N-
glycosylase, 0.625 units of Amp] iTag Gold and 0.1 uM probe
oligonucleotide. Reaction mixtures were pre-incubated at
50°C for 2 min, 95°C for 5 min and then subjected to 40
cycles of 95°C for 20 sec and 62°C for | min using ABI
Prism 7700 Sequence Detector (PE Applied Biosysterns).
During the PCR amplification, the fluorescent-labeled probe
was hydrolyzed by the activity of AmpliTaq Gold and the
reporter dye was released from the probe oligonucleotide.
The resulting increase in the reporter fluorescent emission
was monitored in real-time. The expression level of ING/
was normalized to that of S-actin which was detected by the
same real-time RT-PCR method.

RT-PCR SSCP analysis and DNA sequencing. For the detection
of INGI murtation, we designed 4 primer sets which cover the
entire coding region of human INGI. the reaction mixture
contained 1 ul of the cDNA synthesized, 1 uM of each primer,
200 oM dNTPs, 1X reaction buffer, 0.15 units DNA poly-
merase (Expand High Fidelity PCR system) and [a-*P]dCTP,
PCR was performed as follows: pre-heating at 96°C for 3
min followed by 35 cycles of 96°C for 30 sec, 56°C for 30 sec
and 72°C for 30 sec with final extension at 72°C for 5 min.
PCR products were mixed with 1/10 volume of a loading
buffer containing 95% formamide, 20 mM EDTA, 0.05%
bromopheno! blue and 6.05% xylene cyanol, denatured at
98°C for 5 min, and quenched on ice. Electrophoresis was
carried out on 5% polyacrylamide gel with 3% glycerol at
room temperature at 200 V for 15 h, After electrophoresis, the
gel was dried and exposed to X-ray film v»n:h an mn,nufymu
screen at -70°C,

To determine nucleotide sequences of PCR products, they
were purified by the GenElute Agarase Spin Column (Supelco,
Bellefonte, PA, USA), subcloned into pGEM-T Easy Vector -
(Promega, Madison, WI, USA), and sequenced by the dideoxy
chain termination method using the ABI Prism 377 DNA -
sequencer {Perkin-Elmer, Foster City, CA, USA).

Statistical analysis. A possible association between the ING/
expression level and all prognostic factors was investigated
using the Mann-Whitney U test. Pearson correlation with
Bonferroni-adjusted sighifi¢ahde ‘1ével§ were calculated
between expression levels of all genes examined. Since the
values of mRNA expression were skewed, a log or Box-cox
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Figure 1. Expression of JNGI mRNA in primary newroblastomas. Total RNA
was prepared from the indicated primary newroblastoma tissues, and subjected
to a quniitative real-time RT-PCR analysis as described under Materials and
methads. The ratios of INGI mRNA levels to f-acrin mRNA levels were
quantitied and are indicated as a fold change on the ¥ axis. Nine in stage 1,4
in stage I1, 7 in stage 01, 5 in stage 1V and 7 in stage TVs. (3). alive: (), dead
with single copy of MYCN; (). dead with MYCN amplification.

transformation was used to achieve the normality when
calculating correlation coefficients. Comparisons between 2
clinical or biological variables were carried out using the »*
analysis, The Kaplan-Meier life table analysis was applied to
compare individual variables and survival, and different
survival curves were compared using the log-rank test. Cox
regression models were used to explore the association between
the expression of ING/ and age, tumor stage, MYCN, TRK-A
or survival. We considered p>0.03 to be significant.
Statistical analyses were performed using the StatView version
4.5 (Abacus Concept Inc. Berkeley, CA, USA) and Stata
version 6.0. (Stata Corporation, TX, USA).

Results

Mutation analysis of INGI gene in human neuroblastoma.
Recently, it has been reported that one of the himan neuro-
blastoraa cells, SK-N-SH. carries a mutation of the INGI gene,
which generates a truncated form of ING1 (4). To search for
mutation of the JNGJ gene in 32 primary neuroblastoma
tissues, we performed RT-PCR-single strand conformation
polymorphism (SSCP) analysis, followed by subsequent DNA
sequencing according to the procedure as described previously
(25,26). Among 32 samples examined, the PCR product
amplified from 1 case of ncuroblastoma in stage I displayed an
aberrantly migrating band, however, DNA sequencing analysis
revealed that this aberrant band reflected a silent mutation at
codon 188 [Ser188Ser (TCG-TCA)] (data not shown).

Down-regulation of ING! mRNA is associated with
unfavorable prognosis of newroblastoma. We then examined

813

Table L. The resulis of log-rank tests for conventional
prognostic factors and expression of ING! and p53 in 32
primary neuroblastomas.

Variable Number Number Numberof p-value
of of expected
subjects  deaths (%) deaths
ING 1 expression 017
Low 16 6{37.5) 296
High 16 1 (6.3) 404
P53 expression 250
Not expressed 7 2(28.6) 0.98
Expressed 22 3(13.6) 402
Age 2001
<] year 19 1 (5.3) 493
>] year- 12 6 (50.0) 207
Origin ' 077
Adrenal gland 24 7 (100) 4.89
Others g 0 O 2.1
Disease stage 044
+II+1Vs 20 2(10.0) 4.53
H+1V 12 5L 247
MYCN copy .. C b <0001
number
Amplified 4 4 (100} 0.39
Single copy 28 - 310 6.61
Trk-A expression ‘ 0032
Low 6 3(500) 078
High 24 2 (83) 4.28

ING1 expression levels in primary neoroblastomas because
epigenetic regulation of the tumor suppressor genes are
involved in the genesis and/or progression of many human
cancers (27). Since the expression levels of INGI mRNA were
below the detectable levels by Northem blot hybridization, we
performed a quantitative real-time RT-PCR (24) to measure its
expression levels in 32 neuroblastoma tissues. The threshold
cycle number value (Cy), indicating the relative lavels of ING!
mRNA (after normalization to that of f-actin mRNA) was in
the range of 0-250 (median value, 64). As shown in Fig. I,
there were no statistically significant differences in expression
levels of ING! mRNA among the disease stages (mean =
SEM; stage |, 79227, n=9; stage II, 126259, n=dstage IVs,
6724, n=7; stage III, 110x17, n=7; stage [V,{70233, n=>5;
p>0.05). Note that ING1 expression levels were significantly
decreased in the tumors obtained from the patients who died
of the disease (mean = SEM; 36«8, n=7) as co'mparcd with
those patients who were alive (101£15, n=25) (Mann-Whitney
U test, p=0.043). Then, the patients were divided into 2
groups accordirg to the median value of INGJ/ mRNA
expression in the tumor. The log-rank test showed that the
prognosis of the patients with decreased expreasnon of ING!
was significantly poor (p=0.017) (Table I and Fig. 2).

The expression of p33 was not correlated with the prognosis
of neuroblastoma. Since ING1 has been showpé:to modulate
the function of p53 through the physical interaction with p33
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Figure 2. INGI mRNA expression and survival curves caleulated by the
Kuplan-Meier method. Kaplan-Meier life table analysis was used to compare
the individual variables and survival. and different survival curves were
compared wsing the log-rank test. Statistical analyses were performed using
the StuView viersion 4.5 and Stata version 6.0, (—), A group of patients with
high levels of INGI expression; (= » - % =), a group of patients with low fevels
of ING I expression. H

Table I1. Cox regression mode]s using dichotomous factors of
- age. disease stage, MYCN amplification and expression of
Tri-A and ING 1.

Factor . n p-value HR (95% CD
Age (21 vs. <1 year) 31 013 14.6(175-121)
Stage (II+1V vs. I+11+IVs) 32 069 4.6 (0.89-23.6)
"MYCN ampl. (>1 vs. | copy) - 32 <0005 55.8 (6.01-518)
Trk-Acxp. (low vs.high)  “30 016  9.4(153-57.8)
ING1 exp. (low vs. high) !32 046 9.0(1.04-772)
INGI exp.(low vs.high) 31 022 27.1(1.61-455)
Age (=1 vs, <1 year) - 008 24.3(2.32-255)
INGTexp.(low vs.high) .32 023  157(147-167)
Stage (IL+IV vs. I¢lI+IVs) 025 77(1.30-452)
INGI exp. (low vs.highy -~ i30 063  12.9(0.87-190)
Trk-A exp. {fow vs. high) 017 1730 68-179

All variables with 2 categories; HR, hazard ratio shows the relative
risk of death of first category relative to the second; CI, confidence
interval,

(14), we also examined the expression [evels of p33 in the
same neuroblastoma Lissues by Northern blot hybridization,
The expression of S-actin mRNA served as an internal control,
and the patients were divided into 2 groups with detectable
(high) and undetectable (low} expression of p53. As shown in
Table I, p53 expression was not significantly associated with
the prognosis of neuroblastoma (p=0.25). These results suggest
that the decreased expression of ING! but not of p33 is
correlated with the untavorable prognosis of neuroblastoma.

INGI expression is an indepén'denr progrostic indicator for

neuroblastoma. We then perfoimed a multivariate.analysis of ]

the prognostic factors for neuroblastoma including ING!
expression. As shown in Table II, the predictive importance
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of INGI expression for survival was demonstrated after
controlling patient's age (p=0.022) and disease stage (p=0.023),
whereas INGI expression was marZinally significant (p=0.063)
after controlling TrkA expression. This implied that ING#

" expression may bé a progrostic indicator which is mécpcndcnt
] on age and stage, but that it may be weakly associated with.
- TrkA expression in predicting the prognosis of m,uroblastoma

Discussion

" Inthe present study, we have searched for mutations of the

ING/ gene, and examined the expression levels of ING]
mRNA in 32 primary neurcbiastoma tissies. Although we
did not detect any mutations with amine acid substitutions.
we found that the expression levels of INGI mRNA were
significantly reduced in unfavorable neuroblastoma. and this
marked down-regulation was associated with the poor
prognosis of neuroblastoma. Our present results represent an

- initial step toward understanding the biological significance’

of ING in neuroblastoma.

Recently, it has been shown that ING1 has an ability to
promote cell cycle arrest and apoptosis in certain mammalian
cultured cells (14.28). Garkavtsev et al found a truncated form
of ING/ protein in neuroblastoma cell lines, which might be
generated by a structural rearrangement or a cdeletion that
occurred within the INGI gene (4). It remains unknown
whether the truncated ING1 protein retains the ability to
inhibit cell cycle progression, and whether there exists a loss
of function mutations of ING! in primary neuroblastoma, it
is likely that ING1 might act as & candidate tumor suppressor
for nenroblastoma. Consistent with the recent reports showing

- that ING1 is rarely mutated in human malignancies (5,29-31);

our mutation analysis indicated that ING/ is infrequently
mutated in primary neuroblastomas and thus it might not
function as a tumor suppressor in the classic manner (323, Note
that our quantitative real-time RT-PCR analysis revealed that
the expression levels of INGI mRNA were reduced in
unfavorable neuroblastomas, and that this down-regulation was
significantly correlated with the poor prognosis of neuro-
blastoma. Although the number of tumor samples used in this
study was relatively small, the statistical significance of the
traditional prognostic factors including patient's age (p=0.001),
disease stage {(p=0.044), MYCN amplification (p<0.0001} and
TrkA expression (p=0.0032) were in good agreement with those
reproducibly docurnented (15.33,34). Thus, our present results
suggest that NG expression is 2 novel prognostic indicator
for neuroblastomas especially in advanced stages. In order to
design a new therapeutic strategy against aggressive neuro-
blastoma, it will be necessary to clarify the molecular
mechanisms of this transcriptional down-regulation of the INGJ
gene in unfavorable neuroblastoma.

There is considerable evidence that the p33 pathway is
not exclusively responsible for the genesis and/or progression
of neuroblastoma. For example, p33 is infrequently mutated
in primary neuroblastomas, and wild-type p53 is localized

_largely in cytoplasm of primary tumors as well as neuro--
“blastoma-derived cell lines (35-39), In addition, our present

study indicated. that the expression levels of p53 mRNA is
not associated with the prognosis of neuroblastoma. On the
other hand, it has been shown that pS3 plays an important
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role in inducing ncuronal cell death of sympathetic neurons,
from which neuroblastoma originates (30). Recently, Nakagawa
et af reported that during cisplatin-mediated cell death in
neuroblastoma-derived SH-SYSY cells, endogenous p53
accumulated at a protein level, suggesting that the p53 pathway
is closely involved in DNA damage-induced neuroblastoma
cell deaih (41). Previous studies have demonstrated that
ING! physically interacts with p33. and thercby acts as a
cofactor of p33 to enhance its ability to transactivate
downstream target genes as well as to inhibit cell cycle
progression (14.42). 1t is likely that the reduced expression of
ING! could down-regulate the pro-apoptotic function of pS3

and thereby promote neuroblastoma cell growth. To confirm-

this possibility, further stadies are necessary,
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Polo-like kinase 1 (Plkl) has ar important role in the
regulation of M phase of the cell cycle. In addition to its
cell cycle-regulatory function, Plkl has a potential role
in tumorigenesis. Here we found for the first time that
Plkl physically binds to the tumor suppressor p53 in
mammalian cultured cells, and inhibits its transactiva-
tion activity as well as its pro-apoptotic 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
P53 is required and sufficient for the physical interac-
tion with Plkl. The ectopically overexpressed Plkl was
co-localized with the endogenous p53 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 p2IWAFI
MDM2, and BAX promoters, whereas the kinase-defi-
cient mutant form of Plk1 failed to reduce the transcrip-
tional activity of p53. Consistent with the luciferase re-
porter analysis, P1kl had an ability to block the p53-
dependent induction of the endogenous p21WAFY, 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 critical target of
Plkl, and its function is abrogated through the physical
interaction with Plkl.

The polo-like kinases (Plks)! are structurally and function-
ally related to the Drosophila polo serine/threonine (Ser/Thr)
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kinase (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). It has been shown that the
polo-box is critical for the correct subcellular localization of
Plks (3, 4), and the COOH-terminal region containing the polo-
box gerves to regulate its kinase activity (5). A growing body of
evidence obtained in various experimental systems suggests
that Plks play an important rele 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
Gx/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, Plk2, and Plk3. Plk1 (also referred
to as Plk) has been identified as a serine/threonine 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 groliferation
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 Plkl mRNA and
protein are regulated in a cell cycle-dependent manner, rising
from a very low level in G, phase to a mazimal fevel during
G,/M 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 thiz inhibition ocetrs in an ATM-dependent manner
(19, 20). Pkl phosphorylates various substrate proteins in-
cluding cyclin B1 and Cde25C. At the onset of mitosis, Plk1
phosphorylated cyclin B1 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, Plkl is capable of phosphorylating
Cdc25C, which dephosphorylates and directly activates the
Cde2-cyclin Bl complex, and regulating the nuclear entry of
Cde25C. 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
increased in response to DNA damage in an ATM-dependent
fashion. o

In addition to the potential cell cycle-regulatory role, Plkl
has been implicated in the genesis and/or progression of tu-
mors, Flk1 was overexpressed in rapidly proliferating cells as
well as various human primary tumors (27), suggesting that
the expression level of PIR1 is tightly linked to proliferation and
could be used as a negative prognostic indicator<for various

e
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tumors (28 -30). Consistent with these observations, constitu-
tive overexpression of Plkl in NIH3T3 cells resulted in the
oncogemc focus formation an'd' induction of tumor growth in
nude mice (10). Down-regulation of the endogenous Plkl by I
using several antisense ohgonucleohdes targeted to Plkl in-
duced growth inhibition in certain cancerous cells (31). Addi-
tionally, treatment of the cells with small interfering RNA
targeted against PlkI caused the cell cycle arrest and apoptosis
(32, 33). Of note, Liu and Erikson (33) reported that the tumor

suppressor p53 might be involved in the Plkl depletion-in- -

duced apoptosis. Recently, Plk1 has also been reported to have
an ability to phosphorylate p53 in vitro, however, it is still
unknown whether there exists a functional association be-
tween Plk1 and p53 (26). In sharp contrast to Plk1, the expres-
sion level of PIk3 was significantly down-regulated in several
human primary tumors including lung carcinomas and head
and neck squamous eell carcinomas, as compared with their
corresponding normal tissues (34, 35). Overexpression of Plk3
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 fune-
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 transeriptionat 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
Tung adenocarcinomas, 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 mbnkey kidney COS7 cells were main-
tained in Dulbeceo’s modified Eag'le s medium supplemented with 10%
heat-inactivated fetal bovine serum (Invitrogen) and penicillin (100
IUMmlYstreptomyecin {100 pg/ml). Human neuroblastoma SH-SY5Y cells
and human lung carcinoma H1299 cells were grown in RPMI 1640
medium containing 10% heat-inactivated fetal bovine serum and anti-
biotie mixture, Cultures were maintained at 37 °C in a water-saturated
atmosphers of 5% CO, in air.

Transfection—COS7 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 to the manufacturer’s instructions.

RT-PCR—Total RNA was pregared 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 ¢DNA 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 pM of each deoxynucleoside triphos-
phate, 1X PCR buffer, 1 uM of each primer, and 0.2 units of rTag DNA
polymerase (Takara, Ohtsu, Japan). The primers for p53 amplification
were §'-ATTTGATGCTGTCCCCGGACGATATTGAAC-3' and 5'-ACC-
CTTTTTGGACTTCAGGTGGCTGGAGTG-3'. The primers for p2IVAM!
amplification were 5-ATGAAATTCACCCCCTTTCC-3' and 5°-CCCTA-
GGCTGTGCTCACTTC-3". The primers for PIk! amplification were 5'-
ATCACCTGCCTGACCATTCCA(%‘.(_.‘.AAGG-:?’ and 5-AATTGCGGAAA-

Functional Interaction between Plk1 and p53

TATTTAAGGAGGGTCATCT-3". The primers for P{k3 amplification
- were 5-GCGCGAGAAGATCCTAAATG-3' and 5'-GATCTGCCGCAGG-

TAGTAGC-3'. The primers for GAPDH emplification were 5-ACCTG- -

. ACCTGCCGTCTAGAA-3' and 5'-TCCACCACCCTGTTGCTGTA-3.

4 The PCR-amplified products were separatediby electrophoresis ong ~-

1.5% agarose gel and visualized by ethidium bromide post-staining.
Generation of FLAG-tagged Expression Constructs—The FLAG- -~
tagged human Plk] construct was generated by PCR amplification
using the ¢DNA 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 restricticn sites in the forward primer and the Xbal
*: regtriction site in the reverse primer. The PCR product was subcloned
. into pGEM-T Easy (Promega Corp., Madisor, WI), and its nucleotide
sequence was verified by automated 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 gwe

. pcDNA3-FLAG-Plk1.

Construction of the Deletiori 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-
GGAGCCGCAGTCAGATCCTAGCGTC-3' (1F) in combination with the
reverse primers §'-CCGGAATTCCGGTCATGGCTCCTTCCCAGCCT-
GGGCATCCTT-3' (359R), 5'-CCGQAATTCCGGTCATTTCTTGCGGA-
GATTCTCTTCCTCTGT-3' (292R) and 5'-CCGGAATTCCGGTCATTIT-
CTGGGAAGGGACAGAAGATGACA-3' (101R), respectively. p53-
(102-393) was amplified by using the forward primer 5'-CCCAAGCT-
TGGGATGACCTACCAGGGCAGCTACGGTITCCGTCT-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 oligonuclectides
listed above were HindIIl or EcoRI sites. Amplified fragments were
digested with HindIII and EcoRI, and subcloned directly into the iden-
tical restriction sites of pcDNA3 to give pcDNA3-p53-(1-359),
peDNA3-p53-(1-292), pcDNA3-p53-(1-101), and pcDNA3-p53-(102-393).
All of the constructs were confirmed by sequence analysis. For the
construction of the deletion mutants of Plk1, pcDNA3-FLAG-FIkI was
digested with BamHI, BamHI and BstXI, or BamHI and Neol. 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 peDNA3-FLAG expression plasmid to give peDNA3-
FLAG-PlRI-(1-401), pcDNA3-FLAG-PIk1-{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 Plkl—The

K82M mutation was introduced into wild-type Plk1 by the PCR-based =

strategy using Pful/ltra™ High Fidelity DNA polymerase (Stratagene,
: La Jolla, CA) according to the menufacturer's instructions. The
following oligonucleotides were used: 5'-ATGATTGTGCCTAAGTCTC-
TGCTGCTCAAGCCGCA-3' (underlined segment encodes Met at amino
acid position 82) and 5'-GCCCGCGAACACCTCCTTGOTGTCCGCGT-
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 HindITl and Neol, gel-purified, and ligated with the Ncol/Xbal
restriction fragment containing the 3'-portion of the wild-type Plkl
¢DNA. The result.ing 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 p¢DNAS-FLAG expression plaa—
mid to give pcDNA3-FLAG-PikI{K82M). . B
" Construction of the Expression Plasmid for Antisense PlhI—A full-
length human Pk cDNA was ligated into the pcDNA3 expression
plasmid in a reverse orientation to give As-PlkI, and the product was
evaluated by restriction digestion. To assess the effect of As-PIkI on the
endogenous Plkl, whole cell lysates prepared from H1299 cells trans-
fected with As-Plkl were analyzed for Plk] by immunoblotting.
GST Pull-down Assay—Whole cell lysates prepared from COS7 cells

expressing FLAG-Plk1 were incubated with 1 pg of GST or GST-p53 .. - - - - -

{Santa Cruz Biotechnologies, Santa Cruz, CA) immobilized on glutathi-

one-Sepharose beads for 2h at 4 *C. The beads were washed extensively

with NETN buffer (50 mM Tris-Cl, pH 7.5, 150 mm NaC), 0.1% Nonidet,

P-40, and 1 muM EDTA) containing 1 mM phenylmethylsulfonyl fluoride.
.- The bound proteins were eluted with 2x SDS sample buffer by beiling
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for 5 min, 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-Plkl. 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 6 min at room
temperature and blocked for 1 h in 1X PES containing 3% bovine serum
albumin. Célls were then incubated with polyclonal anti-p53 antibody
(Cell Signaling Technology, Inc., Beverly, MA} and monoclonal anti-
FLAG antibody (M2, Sigma) for 1 h at room temperature. After incu-
bation with primary antibodies, cells were washed twice with I1x PBS
and incubated with fluorescein isothiocyanate- or rhodamine-conju-
gated secondary antibodies (Invitrogen) diluted 1:200 for 1 h at reom
temperature. Cell nuclei were stained with 4,6-diamidino-2-phenylin-
dole at a final concentration of 1 pg/ml (Sigma). Cells were finally
washed with 1% PBS, the coverslips were removed from the dishes,
mounted onto slides, and observed under Fluoview lager scanning con-
foeal microscope (Olympus, Tokyo, Japan).

Western Biot Analysis—Cells were transfected with the indicated
combinsations of the expression plasmids. Forty-eight hours after trans-
fection, cells were extracted directly with the lysis buffer containing 25

mM Tris-HC), pH 8.0, 137 mm NaCl, 2.7 am KCl, 1% Triton X-100, 1 mm-

phenylmethylsulfony] fluoride 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 ug of protein) were beiled in an
SDS sample buffer consisting of 62.5 mm Tris-HC, pH 6.8, 2% SDS, 2%
B-mercaptoethanol, and 0.01% bromphenol blue and subjected to 10%
SDS-polyacrylamide gel electrophoresis under reducing conditions and
then electrotransferred onto Immobilon-P membranes (Millipore, Bed-
ford, MA) at room temperature for 1 h. The merobranes were blocked
with TBS-T (60 mw™ Tris-Cl, pH 7.6, 100 mm NaCl, and 0.1% Tween 20)
containing §% nonfat dry milk at room temperature for 1 b, and sub-
sequently incubated for 1 h with monoclonal anti-PlkI (PL2 and PL§,
Zymed Laboratories, Inc., San Francisco, CA), monoclonal anti-p53
(DO-1, Oncogene Research Products, 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¥*"! antibody
(H-184, 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-
body (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 cytosolic and
nuclear fractions as described previously (38). Briefly, cells were
washed twice with ice-cold 1X 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-
munchlot analysis using the anti-FLAG, monoclonal anti-lamin B
(Ab-1, Oncogene Research Products), or monoclonal anti-Ras (RASK-3,
Seikagaku Co., Tokyo, Japan) antibody.

Immunoprecipitation ard Western Blot Analysis—For the immuno-
precipitation of Pkl and p53, COST cells were transiently transfected
with 2 ug of the expression plasmid for FLAG-Plkl usging FuGENE &
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-HCl, pH 7.5, 120 mm NaCl, 0.5% Nonidet P-40, and
1 mym 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 ul of a 50% slurry of protein A-Sepha-
rose (Amersham Biosciences). After centrifugation, the supernatant
was incubated with the normal mouse serum (NMS), monoclonal anti-
FLAG, or monaoclonal anti-p53 antibedy 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 na. 1 2 3 4 5 6
Pik1
Plk3
GAPDH
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Fic. 1. Expression of PIkI and PIk3 mRNA in various human
primary tumors and their corresponding normal tissues, Total
RNA (5 ug) prepared from the indicated tumor (T)-normal (N) paired
samples was subjected to RT-PCR analysis for Plkl and Plk3 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 a3 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 sceded
in a 12-well tissue culture dish at a density of 5 x 10* cella/well. Cells
were transfected with 100 ng of the p53-responsive luciferase reporter
plasmid (p21, MDM2, or BAX), 10 ng of pRL-TK Renilla luciferase
¢DNA, and 25 ng of the expression plasmid for p53 together with or
without increasing amounts of FLAG-Plkl expression plasmid. The
total amount of DNA was kept constant (510 ng) with pcDNA3 (Invitro-
gen) per transfection. Forty-eight hours post-transfection, transfected
cells were washed twice with 1 PBS, and resuspended in passive lysis
buffer (Promega Corp.). Both firefly and Renilla luciferage activities
were assayed with the dual-luciferase reporter assay systerm (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 normatized based
on the Renillz luminescence signal. The results were obtained from at
least three sets of transfection and were presented as the mean * SD.

Cell Survival Assays—Cell viability was determined by a modified
3-(4,5-dimethylthiazol-2-y1»-2,5-diphenyltetrazolium bromide (MTT}
assay, In brief, SH-SY5Y cells were seeded in 96-well microtiter plates _
(5 % 10 celliwell) with 100 ul 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 ul of MTT 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). i

Apoptotic Analysis—H1299 cells were transfected with & constant
amount of the expression plasmid for green flucrescence protein (GFP)
and p53 expression plasmid together with or without the expression
plasmid encoding FLAG-Plkl. Forty-eight heurs 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 Pik1 and PIk3 in Paired Tumors and Adjacent
Normal Tigsues—It has been shown that the expression level of
Plk1 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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F1. 2. Down-regulation of P.tkl during the cisplatin-induced apoptosis. A, cell survival assays of SH-SY5Y cells treated with cisplatin.
SH-SY5Y cells were exposed to cisplatin at a final concentration of 20 M. 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, total RNA was prepared and subjected to RT-PCR analysis for the expression of Plk! (Ist panel), PIk3 (2nd panel), p53
(3rd panel), and p21¥A¥ (4th panel). Amplification of GAPDH serves as &n internal econtrol (5¢4 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 M) or left untreated and immunoblotted against enti-Plk1 {Ist parel), anti-Plk3 (2nd panel),
anti-p53 (3rd panel), antibody specific for p53 phosphorylated at Ser'® (4th panel), or with the anti-p21%4** antibody (5¢th panel). Immunoblotting

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

one of the genes whose expression level is markedly elevated in

human hepatoblastomas.? 1o contrast, Plk3 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 Plk! and Plk3 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 PlklI
mRNA were significantly higher in cancerous tissues than
those 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 PIkI is detected in
all various types of tumors, whereas down-regulation of Plk3
expression may be restricted to certain tumors, - :

2 Yamada, S., Ohira, M., Horie:, H., Ando, K., Takayasu, H., Suzuki,

Y., Sugano, 5., Hirata, T., Goto, T., Matsunaga, T., Hiyama, E.,
Hayashi, Y., Ando, H., Suita, S., Kaneko, M., Sakaki, F., Hashizume, K.,
Ohnuma, N., and Nakagawara, A, (2004) Oncogene, in press.
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Cisplatin Treatment Induces Down-regulation of Plkl in As-

sociation with Up-regulation of p53 in SH-SY5Y Cells—To'an-

alyze whether Plkl expression could be modulated during the
cisplatin-induced apoptosis, whole cell lysates and total RNA
were prepared from human neuroblastoma-derived SH-SY5Y
cells after treatment with or without cisplatin, and were sub-
jected to immunoblot analysis and RT-PCR, respectively. In
accordance with our previous observations (39), cells under-
went apoptosis in a time-dependent manner as measured by
the cell survival assay (Fig. 24), and a remarkable stahilization
of p53 at the protein level was detected after treating the cells
with cisplatin, accompanied with a significant up-regulation of
p21WAF1 both at protein and mRNA levels (Fig. 2, B and €). In
addition to the increase in the level of total p53, the phospho-
rylation of p53 at Ser’® was dramatically enhanced in cells
exposed to cisplatin, whereas that of p53 at Ser®™ was unde-

tectable (data not shown). Intriguingly, cisplatin treatment
_markedly reduced the expressior level of Plkl mRNA and
protein (Fig. 2, B and C), suggesting that there exists an in-

verge relationship between the expression levels of p53 .and

Pikl during DNA damage-induced apoptosis. Thus, Plk1 may’ L

play an important role in the p53 pathway. On the other hand,
cisplatin treatment resulted in a significant up-regulation of
Plk3 mRNA expression in a time-dependent manner, however,

“
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Fic. 3. Co-immunoprecipitation and nuclear co-localization of Plkl and p53. A, complex formation between Plkl and p53 in mammalian
cultured cells. COST7 cells were transiently transfected with the expression plasmid for FLAG-tagged Plkl. Forty-eight hours after transfection,
whole cell lysates were prepared and immunoprecipitated (/P) with NMS or with monoclonal anti-p53 antibodies. The immunocomplexes were
resolved by 10% SDS-polyacrylamide gel electrophoresis and immunoblotted (IB) with monoclonal anti-FLAG antibody. Whole cell lysates were
immunoblotted with monoclonal anti-p53, or with monoclonal anti-FLAG antibedy to show the expression of endogenous p53, or FLAG-Plk1,
respectively. The p53 blot was reprobed for actin to ensure equal loading. B, a similar imnmunoprecipitation assay was performed with NMS or
monoclonal anti-FLAG antibody, followed by immunoblotting with monoclonal anti-p53 antibody. Whole cell lysates were monitored on immuno-
blot for the expression of endogenous p53 or FLAG-Plk1. The p53 blot was reprobed for actin to ensure equal loading. C, GST pull-down assay.
Whole cell lysates prepared from COS7 cells expressing FLAG-Plk1 were incubated with GST or GST-p53 immobilized on glutathigne-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 Plkl1, Cell lysates prepared from U208 cells were immunoprecipitated with NMS or with
monoclonal anti-Plkl antibody, and the anti-Plkl immunoprecipitates were immunoblotted with monoclonal anti-p53 antibody. E, subcellular
localization of Plk1. COS7 cells were transiently transfected with the expression plasmid encoding FLAG-Plk1. Forty-eight hours &ﬂer transfec-
tion, cells were fractionated into nuclear (V) and cytosolic (C) fractions as described under *Experimental Procedures.” Equal ambunts of each
fraction were resolved by 10% SDS-polyacrylamide gel electrophoresis and immunoblotted with monoclonal anti-FLAG antibody (top parel). These
extracts were also immunoblotted with monoclonal antibody specific for lamin B (middle panel) or Ras (RASK-3) (botfom panel) to shaw the validity
of our fractionation technique. F, nuclear co-localization of Plk1 and p53. COS7 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 enti-mouse IgG (red), respectively. Merpe analysis

(yellow) showed the nuclear co-localization of Plk1 and p53.

the amount of Plk3 protein remained constant, regardless of
cisplatin treatment.

Interuction of Plk1 with p53—Recently, it has been shown
that Plk3 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 e al. (26) found that PIk1 is able
to phosphorylate p53 ir vitro, however, its functional signifi-
cance in vivo remains unclear, These cbservations prompted us
to investigate possible interactions between Plkl 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 immunoblotting with a
monoclonal anti-FLAG antibody. As shown in Fig. 34, FLAG-
Plk1 was co-immunoprecipitated with the endogenous p53, but
not present in the control immunoprecipitates obtained with
the normal mouse serum. The expression of FLAG-FPlkl and

the endogenous p53 was confirmed by immunoblot analysis
with the antibody against the FLAG epitope and p53, respec-
tively (Fig. 3A). Analysis of the anti-FLAG immunoprecipitates
algo 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 p53. 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-Plk1 immunoprecipitates were an-
alyzed for the presence of the endogenous p53. As shown in Fig.
3D, the endogenous p5S3 was co-immunoprecipitated with the
endogenous Plkl. Similar results were also obtained in HeLa
cells (data not shown). These results clearly demonstrate that
Plkl interacts with p53 in mammalian ecultured cells and ir
vitro.

To evaluate the subcellular localization of Plkl we per-

-
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FiG. 4. DNA-bmdmg domam of P53 is required for interaction with Plkl. A, schematic drawing of full-length p53 a.nd various deletxon
mutants used in this study. TA, transactivation domain; DB, sequence-specific DNA- binding domain; O, oligomerization dorain, Numbers
indicate amino acid position. B, subcellular lecalization 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 monaclonal anti-p53 antibody
(DO-1 or PAb 421). Cell nuclei were stained with 4,6-diamidine-2-phenylindole {(blue). Expression of p53 derivatives was visualized with
rhodamine-conjugated secondary eatibody (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 monoclonal anti-FLAG antibody followed by immunablotting with monoclonal anti-p53 antibody (upper o

panel). The fower panels show the direct immunoblot analyses of whole éell lysates’ performed with fionétlonal anti-p53, moneclonal inti-FLAG,
or with polyclonal anti-actin antibody (C). Whole cell lysates from H1299 cells overexpressing FLAG-PlkI and p53-(102-393) were immunopre-
cipitated with monoclonal anti-p63 antibody (PAb421) or with NMS followed by 1mmunoblpt:_tmg with monoclonal anti-FLAG antibody. Expression

levels of p53-(102-393), FLAGuPlkI and actin were exammed by mmunoblotnng (D)

formed indirect immunofluorescent staining as well as bio-
chemieal cell fractionation of the transfected COST cells. COST7
cells transfected with the empty plasmid or with the expression
plasmid for FLAG-Plk] were fractionated into cytoplasmic and
nuclear fractions for immunoblot analysis of FLAG-Plkl. 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 both in the cytoplasm and nucleus (Fig. 3E, upper
panel). For immunofluorescent staining, COS7 cells expressing
FLAG-FPlk1 were fixed and stained with monoclonal anti-FLAG
and polyclonal anti-p53 antibodies. As shown in Fig. 3F, FLAG-
Plk1 localized to both the cytoplasm and nucleus. Merging
" analysis by confocal microscopy showed that FLAG-Plkl co-
localizes with endogenous p53 in cell nucleus.

The Seqguence-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 mutants including p53-(1-359) (acking .an.ex-. .

treme COOQOH-terminal region), p53-(1-292) (lacking the most
COOH-terminal regicn including an oligomerization domain},
p53-(1-101} (retaining only an NH,-terminal transactivation

e TN e g

domain}, and p53-(102-393) {lacking an NH,-terminal trans-
activation domain) (Fig. 44). We first examined their subcellu-
lar localization by indirect immunofluoreseent 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 monoclonal anti-p53 antibody. As deseribed
previously (44, 45), there exist three potential nuclear localiza-
tion signals (NLS I, II, and III} 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 IIT but retaing
the NLS I, localized largely in the nucleus. On the other hand,
p53-(1-292) and p53-(1-101}, which lack three potential NLSs,
were detected both in the nucleus and the eytoplasm. We then
examined their abilities to interact with Plk1. H1299 cells were
transiently . co-transfected with the FLAG-Flkl expression
plasmid along with the expression plasmid for wild-type p53,
p33-(1-359), p53-(1-292), 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, immunofluorescent studies of Plk1 delstion sautants. Tranafected COS7 colls were
fixed in 3.7% formaldehyde for 30 min, permeabilized with 0.2% Triton X-100 for 6 min, and blocked in PBS containing 3% bovine serum albumin
for 1 h. Cells were then incubated with monoclonal anti-FLA( antibody followed by incubation with rhodamine-conjugated secondary antibody
{red), and analyzed by confocal microscopy. Cell nuclet were stained with 4,6-diamidino-2-phenylindole (blue). C and D, interaction between various
Pik! deletion mutants and endogencus 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 & negative control. Equal amounts of protein derived from
cell lysates were immunoblotted with monoclonal anti-p53, monoclona.l anti-FLAG, or polyclonal anti-actin antxbody

type p53 and these truncated forms of p53. As shown in Fig. 4C,
wild-type p53 as well as p53 deletion mutants ineluding 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 to Plk1, indicating that the extreme COOH-terminal re-
gion, the oligomerization domain, and the NHg-terminal trans-
activation domain of p53 are not involved in the interaction
with Plk1. Similar immunoprecipitation analyses revealed that
P53-(102-393) 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
Plk1.

Mapping of the p53-binding Regwn of PlkI—To map the
p53-interacting domain en Plkl, we have constructed the
FLAG-tagged Plkl deletion mutants including Plk1-(1-401),
Plk1-(1-329), and Plk1{1-88) (Fig. 5A), and examined their
subcellular localization by indirect immunofluorescent stain-
ing. As shown in Fig. 5B, COST7 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-(1-98) identified one cluster of
basie amino acids (**RSRRRYVRGR"), suggesting that this
basic cluster acts es a nuclear localization signal. We then
tested the interaction between p53 and each of these Plkl
deletion mutants, COS7 cells were transfected with the expres-

sion plasmid encoding Plk1-(1-401), Plk1-{1-329), or Plk1-(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 Plkl-
(1-98) did not (Fig. 5C). These results indicate that the amino
acid sequence comprising residues 99 to 329 of Plkl contams
the p53-binding domain.

Plk1 Inhibits the p53-mediated Transeriptional 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 p2I™AF! MDM2, or BAX-
luciferase reporter constructs in the presence or; absence of
inereasing 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 Plk1 alone had no effect on luciferase activity (Fig. 6).
Expression of FLAG-Plk]1 greatly reduced the ability of p53 to
increase the p21%AF1. 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 pB3 transcriptional activity toward the p27%AFI
MDM2, and BAX promoters (data not shown). To confirm the
inhibitory role of Plk1 in the p53-mediated transactivation, we
assayed H1299 cell transfectants for induction of the endoge-



