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were performed. As shown in Fig. 3A, luciferase activity driven by
p53-RE1 or p53-RE2 was significantly enhanced by co-expression
with p53, whereas p53 had marginal effects on p53-RE3 and
p53-RE4. To determine whether p53 could be recruited onto
p53-RE1 and/or p53-RE2, we performed chromatin immunopre-
cipitation (ChIP) assays. H1299 cells were transfected with the
empty plasmid or with the expression plasmid for p53. Forty-eight
hours after transfection, cross-linked chromatin was immunopre-
cipitated with normal mouse serum (NMS) or with monoclonal
antibody against p53 and subjected to PCR-based amplification.
As shown in Fig. 3B, genomic fragment containing p53-RE1 or
p53-RE2 was precipitated with anti-p53 antibody, suggesting that
p53 is recruited onto p53-RE1 and p53-RE2 in cells. On the other
hand, genomic fragment including p53-RE3 was not precipitated
with anti-p53 antibody. Similarly, p53 was not recruited onto
p53-RE4 (data not shown),

UNCS5H4-mediated apoptosis is dependent on p53 status

We next examined whether UNC5H4 could induce apoptosis.
p53-proficient U205 and p53-deficient H1299 cells were transfec-
ted with the empty plasmid or with the expression plasmid for
UNC5HA4. Forty-eight hours after transfection, cells were main-
tained in fresh medium containing G418. After two weeks of selec-
tion, drug-resistant colonies were stained with Giemsa's solution.
As shown in Fig. 4A, a significant decrease in number of drug-resis-
tant colonies was observed in U20S cells transfected with UNC5H4
expression plasmid relative to control cells, whereas UNC5H4
failed to show a significant effect on H1299 cells, Furthermore,
UNC5H4-dependent induction of proteolytic cleavage of PARP
was detected in U20S cells, suggesting that UNC5H4-mediated de-
crease in number of drug-resistant colonies is attributed to the
induction of apoptosis (Fig. 4B). Thus, it is likely that UNC5H4-
mediated apoptosis is dependent on p53 status.

To ask the functional significance of endogenous UNC5H4, we
designed four siRNAs against UNC5H4 (#1, #2, #3 and #4). Among
cell lines that we examined, osteosarcoma 5A05-2 cells express
UNC5H4 at the highest level (data not shown) and we used
SA0S-2 cells to check the effectiveness of each of these siRNAs.
Transfection of each of these siRNAs into SADS-2 cells revealed that
#1 and #3 siRNAs significantly down-regulate UNC5H4 (Fig. 4C).
Thus, we used #3 siRNA for further experiments. To address
whether UNC5H4 could contribute to ADR-mediated apoptosis,
U20S cells were transfected with control siRNA or with #3 siRNA
and exposed ADR. Forty-eight hours after ADR treatment, cells
were analyzed for their cell cycle distributions by FACS. As shown
in Fig. 4D, siRNA-mediated knockdown of UNC5H4 resulted in a
decrease in number of cells with sub-GO[G1 DNA content relative
to control cells, indicating that UNC5H4 plays an important role
in the regulation of ADR-mediated apoptosis. Similar results were
also obtained in U205 cells transfected with #1 siRNA (data not
shown).

Discussion

In the present study, we employed luciferase reporter assay and
ChIP analysis to show that UNC5H4 is a direct transcriptional target
of p53 and its gene product has an apoptosis-inducing activity.
Consistent with these results, ADR-mediated accumulation of
p53 significantly correlates with transcriptional up-regulation of
UNC5H4 in U205 cells. In contrast, ADR had undetectable effect
on UNC5H4 in p53-deficient H1299 cells. We have also found out
several putative p53-binding sites in the 5-upstream region of
UNC5H4. Luciferase reporter assay demonstrated that these ele-
ments do not respond to exogenously expressed p53 (data not
shown). Thus, we conclude that intronic p53-RE1 and p53-RE2
are genuine p53-responsive elements.
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Fig. 4. UNC5H4-mediated apoptosis is dependent on p53. (A) Colony formation assay. U205 and H1299 cells were transfected with the expression plasmid for UNCSH4.
Forty-eight hours after transfection, cells were exposed to 400 ug/mi of G418 for two weeks. Drug-resistant colonies were then stained with Giemsa's solution. (B) Proteolytic
cleavage of PARP, U205 cells were transfected with the empty plasmid or with UNC5H4 expression plasmid. Forty-eight hours after transfection, cell lysates were prepared
and processed for immunablotting with anti-PARP antibody. (C) siRNA-mediated knockdown of UNC5H4. SADS-2 cells were transfected with indicated siRNAs. Forty-eight
hours after transfection, rotal RNA was prepared and subjected to RT-PCR. (D) siRNA-mediated knockdown of UNCSHA renders U205 cells resistant to ADR. U205 cells were
transfected with control siRNA or with siRNA against UNC5H4. Twenty-four hours after transfection, cells were treated with 1 uM of ADR. Forty-eight hours after ADR
trearment, cells were stained with propidium iodide [P} and their cell cycle distributions were analyzed by FACS.
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Similar to the other UNC5H family members, UNC5H4 contains a
canonical caspase cleavage site (413-DVID-416) [ 11] in its cytoplas-
mic region and enforced expression of UNC5H4 caused an apoptosis.
Although it has been largely unknown how membrane UNC5H fam-
ily proteins could transmit an apoptotic signal from cell surface to
cytoplasm and/or nucleus, it is worth noting that UNC5H1-3 are
cleaved by caspase-3 and treatment of cells with potent caspase
inhibitor completely blocks UNC5H-mediated apoptosis [2], indicat-
ing that activated caspase-mediated proteolytic cleavage of cyto-
plasmic region of UNC5H including death domain plays an
important role in the induction of apoptosis. Tanikawaet al. detected
the cleaved fragment derived from UNC5H2 in cells infected with
adenovirus encoding p53 [13]. Our preliminary results indicated
that the cleaved fragment derived from UNC5H4 is detectable in
both cytoplasm and nucleus of cells transfected with the expression
plasmid for UNC5H4 (data not shown). Considering that UNC5H4-
mediated induction of apoptosis is dependent on p53 status, it is pos-
sible that functional interaction between p53 and cleaved fragment
of UNC5H4 might take place in cell nucleus, and thereby amplifying
p53-mediated apoptotic response. Further study should be required
to address this issue.
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In response to DNA damage, p73 plays a critical role in cell
fate determination. In this study, we have found that PIk1 (polo-
like kinase 1) associates with p73, phosphorylates p73 at Thr-27,
and thereby inhibits its pro-apoptotic activity. During cisplatin-
mediated apoptosis in COS7 cells in which the endogenous p53
isinactivated by SV40 large T antigen, p73 was induced to accu-
mulate in association with a significant down-regulation of
Plkl. Consistent with these observations, Plk1 reduced the sta-
bility of the endog 15 p73.1 precipitation and in vitro
pulldown assay demonstrated that p73 binds to the kinase
domain of Plkl through its NH,-terminal region. Luciferase
reporter assay and reverse transcription-PCR analysis revealed
that Plk1 is able to block the p73-mediated transcriptional acti-
vation. Of note, kinase-deficient Plkl mutant (Plk1(K82M))
retained an ability to interact with p73; however, it failed to
inactivate the p73-mediated transcriptional activation, suggest-
ing that kinase activity of Plk1 is required for the inhibition of
p73. Indeed, in vitro kinase assay indicated that p73 is phospho-
rylated at Thr-27 by Plkl. Furthermore, small interference
RNA-mediated knockdown of the endogenous Plkl in p53-de-
ficient H1299 cells resulted in a significant increase in the num-
ber of cells with sub-G, DNA content accompanied by the up-
regulation of p73 and pro-apoptotic ps34*1 as well as the
proteolytic cleavage of poly(ADP-ribose) polymerase. Thus, our
present results suggest that Plkl1-mediated dysfunction of p73 is
one of the novel molecular mechanisms to inhibit the p53-inde-
pendent apoptosis, and the inhibition of Plk1 might provide an
attractive therapeutic strategy for cancer treatment.

p73 is one of newly identified pS3 tumor suppressor gene
family members (p53, p73, and p63) that encodes a nuclear
transcription factor (1-3). Like the other pS3 family members,
p73 encodes multiple isoforms, including TA (transactivating),
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with distinet COOH-terminal extensions arising from alterna-
tive splicing events and AN (nontransactivating) variants gen-
erated by alternative promoter usage (2-4). ANp73 has an
oncogenic potential (5) and displays a dominant-negative
behavior toward TAp73 as well as wild-type p53 (6). TAp73
transactivates overlapping set of p53-target genes implicated in
the induction of cell cycle arrest and/or apoptosis, and plays an
important role in the regulation of DNA damage response,
which is closely linked to its DNA binding activity. The initial
studies demonstrated that TAp73 does not induce enough to
accumulate in response to DNA damage arising from UV expo-
sure or actinomycin D treatment (1); however, it has been
shown that, in response to certain subset of DNA-damaging
agents, TAp73 accumulates in the cell nucleus and exerts its
pro-apoptotic function (7).

Accumulating evidence suggests that TAp73 is regulated by
post-translational modifications such as phosphorylation and
acetylation. For example, TAp73 is stabilized in response to
DNA damage such as cisplatin (CDDP)* treatment or exposure
to y-irradiation through the phosphorylation at Tyr-99 medi-
ated by c-Abl (8-10). Ren et al. (11) demonstrated that protein
kinase C§ catalytic fragment phosphorylates TAp73 at Ser-289
in response to CDDP and thereby enhances its stability and
activity. Further studies revealed that CDDP-mediated apopto-
sis is associated with phosphorylation of TAp73 at Ser-47 cat-
alyzed by Chk1 (12). According to their results, Chkl-mediated
phosphorylation of TAp73 resulted in an increase in its tran-
scriptional activity. On the other hand, Gaiddon et al (13)
described that cyclin-dependent kinase phosphorylates TAp73
at Thr-86 and thereby reduces its transcriptional activity, sug-
gesting that phosphorylation of TAp73 might not always con-
vert a latent form of TAp73 Lo an active one. Additionally, sev-
eral lines of evidence suggest that acetylation of TAp73
mediated by p300/CBP results in its activation (14). Constanzo
etal.(15) reported that p300 has an ability to acetylate TAp73 at
Lys-321, Lys-327, and Lys-331 in response to DNA damage in a
c-Abl-dependent manner, and acetylated forms of TAp73 exert
its pro-apoptotic function.
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Plk1 Inhibits the p73-dependent Apoptosis

PIk1 (Polo-like kinase 1) is a positive cell cycle regulator (16 -
18). Plk1 has an NH,-terminal Ser/Thr protein kinase domain
and tandem repeats of so-called “Polo-box motif” in its COOH-
terminal region that might act as a phosphopeptide-binding
domain (19). It has been shown that Plkl is overexpressed in a
variety of human tumors as compared with their corresponding
normal tissues (20, 21). Indeed, enforced expression of Plk1 in
mouse fibroblasts causes oncogenic focus formation and pro-
motes tumor growth in nude mice (22), suggesting that PIk1 has
an oncogenic potential. In support with this notion, knock-
down of the endogenous Plk1 induces G,/M cell cycle arrest
and/or apoptosis in various cell lines (23-25). Furthermore, it
has been shown that Plk1 is inhibited in response to DNA dam-
age in a mulated in ataxia telangiectasia (ATM) and ATM
related kinase-dependent manner (26, 27), indicating that Plk1
is one of targets of DNA damage response. In this regard, we
have found that PIk1 inhibits pro-apoptotic function of p53
through the physical interaction with it (20). Recently, Liu et al.
(28) reported that Plk1 depletion promotes apoptosis of cancer-
ous cells in a p53-independent manner. In this study, we have
found that Plk1 has an ability to bind to and phosphorylate
TAp73 at Thr-27, thereby inhibiting its transcriptional as well
as pro-apoptotic activity,

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection—African green monkey kidney
CO57, human osteosarcoma SAOS-2, U208, and human cer-
vical carcinoma Hela cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inacti-
vated fetal bovine serum (Invitrogen), 50 pg/ml penicillin, and
50 pg/ml streptomycin (Invitrogen). Human lung carcinoma
H1299 cells were grown in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum plus antibiotics
mixture. These cells were cultured in a 5% CO, environment at
37 °C. Where indicated, cells were exposed to CDDP (Sigma).
For transient transfection, COS7 and H1299 cells were trans-
fected with the indicated combinations of the expression plas-
mids using Lipofectamine 2000 transfection reagent (Invitro-
gen) according to the manufacturer’s instructions. pcDNA3
(Invitrogen) was used as a blank plasmid to balance the amount
of DNA introduced in transient transfection.

RNA Extraction and RT-PCR—Total RNA was prepared
from the indicated cells by using the RNeasy mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol and
reverse-transcribed. The specific primers used were as follows:
P73, 5'-TCTGGAACCAGACAGCACCT-3" and 5'-GTGC-
TGGACTGCTGGAAAGT-3"; p2I™H1 5" ATGAAATTCA-
CCCCCTTTCC-3" and 5'-CCCTAGGCTGTGCTCACTTC-
3" BAX, 5"-TTTGCTTCAGGGTTTCATCC-3" and 5'-CAG-
TTGAAGTTGCCGTCAGA-3"; MDM2, 5'-ACTTGAGCCG-
AGGAGTTCAA-3' and 5’ -TTGCTCTGTCACCTGGACTG-
3'; Plkl, 5'-ATCACCTGCCTGACCATTCCACCAAGG-3'
and 5"-AATTGCGGAAATATTTAAGGAGGGTGATCT-3
p53AP 5 GATCTTCCTCTGAGGCGAGCT-3" and 5'-TTA-
CCCAGCCAGGTGTGTGT-3"; and GAPDH, 5'-ACCTGAC-
CTGCCGTCTAGAA-3' and 5'-TCCACCACCCTGTTGCT-
GTA-3". The expression of GAPDH was measured as an
internal control.
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Immunoblotting—Whole cells lysates were prepared by incu-
bating cells in lysis buffer containing 25 mm Tris-HCl, pH 8.0,
137 mm NaCl, 2.7 mm KCI, 1% Triton X-100 and a commercial
protease inhibitor mixture (Sigma) for 30 min on ice and sub-
jected to a brief sonication for 10 s at 4 °C followed by centrif-
ugation at 15,000 rpm at 4 °C for 10 min to remove insoluble
materials. The protein concentrations were measured using the
Bradford protein assay according to the manufacturer's
instructions (Bio-Rad). The equal amounts of protein (50 ug)
were separated by 10% SDS-PAGE and electrophoretically
transferred onto polyvinylidene difluoride membranes (Immo-
bilon-P, Millipore, Bedford, MA). The transferred membranes
were blocked with Tris-buffered saline containing 5% nonfat
dry milk and 0.1% Tween 20 at 4 °C overnight. After blocking,
the membranes were incubated with monoclonal anti-p73
(Ab-4; NeoMarkers, Fremont, CA), monoclonal anti-FLAG
(M2; Sigma), monoclonal anti-Plk1 (P12 and PL6; Zymed Lab-
oratories Inc.), monoclonal anti-PARP (F-2; Santa Cruz Bio-
technology, Santa Cruz, CA), polyclonal anti-p300 (H-272;
Santa Cruz Biotechnology), or with polyclonal anti-actin (20—
33; Sigma) antibody for 1 h at room temperature, After incuba-
tion with primary antibodies, the membranes were incubated
with horseradish peroxidase-coupled goat anti-mouse or anti-
rabbit 1gG secondary antibody (Cell Signaling, Beverly, MA) for
1 hat room temperature. Immunoblots were visualized by ECL
detection reagents according to the manufacturer’s instruc-
tions (Amersham Biosciences).

Immunoprecipitation—HelLa cells were treated with CDDP
at a final concentration of 20 um. Twenty-four hours after
CDDP treatment, whole cell lysates (1 mg of protein) were pre-
cleared with 30 pl of protein G-Sepharose beads and used for
immunoprecipitation with the appropriate antibodies. After
the addition of 30 pl of protein G-Sepharose beads, incubations
were continued for additional 2 h at 4 °C. The beads were then
collected by centrifugation and washed three times with the
lysis buffer. The precipitated proteins were analyzed by 10%
SDS-PAGE and immunoblotting with the appropriate antibod-
ies as described.

GST Pulldown Assay—cDNA fragments encoding the indi-
cated deletion mutants of p73a were generated by PCR-based
strategy, and subcloned into GST fusion protein expression
plasmid pGEX-4T-3 (Amersham Biosciences). GST and GST-
p73a fusion proteins were expressed and purified by glutathi-
one-Sepharose beads (Amersham Biosciences). FLAG-Plk1
was radiolabeled in vitro by using TNT QuickCoupled tran-
scription/translation system (Promega, Madison, W1) in the
presence of [**S]methionine and incubated with GST or GST-
p73a deletion mutants for 2 h at 4 "C. After the addition of 30 ul
of glutathione-Sepharose beads into the reaction mixture, incu-
bations were continued for 1 hat 4 °C. The beads were collected
by centrifugation and washed three times with binding buffer
containing 50 mm Tris-HCL, pH 7.5, 150 mm NaCl, 0.1% Non-
idet P-40, and 1 mm EDTA. The *5$-labeled bound proteins
were eluted by 2X SDS sample buffer and separated by 10%
SDS-PAGE. After electrophoresis, the gel was dried and
exposed to an x-ray film with an intensifying screen.

Indirect Immunofluorescence Staining—Hela cells were
fixed in 3.7% formaldehyde for 30 min at room temperature,
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permeabilized in 0.2% Triton X-100 for 5 min at room temper-
ature, and then blocked with 3% bovine serum albumin in PBS
for 1 h at room temperature. After blocking, cells were washed
in PBS and incubated with polyclonal anti-p73 antibody (H-79;
Santa Cruz Biotechnology) and monoclonal anti-Plk1 antibody
for 1 h at room temperature, followed by the incubation with
tluorescein isothiocyanate-conjugated anti-rabbit 1gG and rho-
damine-conjugated anti-mouse IgG (Invitrogen) for 1 h at
room temperature. Cell nuclei were stained with DAPI.

How Cytometry—Alter transfection, both floating and
attached cells were collected by low speed centrifugation,
washed in PBS, and fixed in 70% ethanol at =20 *C overnight.
The cells were then stained with propidium iodide (50 pg/ml)
in the presence of 50 pg/ml RNase A for 30 min at room tem-
perature. The DNA content indicated by propidium iodide
staining was analyzed by FACSCalibur flow cytometer (BD
Biosciences).

Luciferase Reporter Assay—p53-deficient H1299 cells were
plated in 12-well plates at a density of 50,000 cells/well and
transiently co-transfected with a constant amount of a lucifer-
ase reporter construct driven by p53/p73-responsive element
derived from p21 WAEL Mdm2, or Bax promoter, Renilla lucif-
erase expression plasmid (pRL-TK), and the HA-p73a expres-
sion plasmid together with or without the increasing amounts
of the expression plasmid for Plkl. Forty-eight hours after
transfection, cells were lysed, and their luciferase activities were
measured by dual luciferase reporter assay system (Promega).
The firefly luminescence signal was normalized based on the
Renilla luminescence signal. Each experiment was performed
at least three times in triplicate.

Apoptotic Assay—H1299 cells were transfected with the indi-
cated combinations of the expression plasmids. Forty-eight
hours after transfection, cells were washed in PBS, fixed in 3.7%
formaldehyde for 1 h at room temperature, and then permeabi-
lized with 0.1% Triton X-100 for 5 min on ice. The cell nuclei
were stained by DAPL The number of GFP-positive cells with
apoptotic nuclei was counted.

Construction of Mutant Forms of GST-p73a-(1-130)—To
identify possible phosphorylation site(s) of p73a mediated by
Plk1, the T27A mutation was introduced into the GST-p73a-
(1-130) using PfuUltra™ high fidelity DNA polymerase (Strat-
agene, La Jolla, CA) according to the manufacturer’s instruc-
tions. Details are available upon request. Nucleotide sequences
of the PCR products were determined to verify the presence of
the desired mutation and the absence of random mutations.

In Vitro Kinase Reaction—To identify the possible Thr resi-
due(s) of p73a that could be phosphorylated by Plk1, we used
Cyclex Polo-like kinase 1 assay kit (CycLex, Nagano, Japan)
(29). In brief, the purified Plk1 was added to the reaction mix-
ture containing 50 pm ATP and polyclonal anti-phospho-Thr
antibody and incubated for 30 min at room temperature. After
the incubation, horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody was mixed with the reaction mixture
and incubated for 30 min at room temperature. Finally, GST or
the indicated GST-p73a deletion mutants dissolved in sub-
strate solution were added into the reaction mixture and incu-
bated for 5 min at room temperature, followed by the measure-
ment of absorbance in each well using a spectrophotometric
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FIGURE 1. siRNA-mediated knockdown of Plk1 induces apoptosis in p53-
defident H1299 cells, A, siRNA-mediated knockdown of the endogenous
Pik1. H1299 cells were transfected with control siRNA or with Pik1 siRNA (Pik1
SIRNA). Forty-eight hours after transfection, total RNA was prepared and sub-
jected to RT-PCR to examine the expression |evels of Plkl, p73a, and p53*"",
GAPDH was used as an | | control. B, imm: lotting analysis. H1299
cells were transfected as in A Forty-eight hours after transfection, whole cell
lysates were prepared and processed for immunoblotting (I8) with the indi-
cated antibodies. For the detection of the endogenous p73a, whole cell
lysates were subjected to iImmunoprecipitation (IP) with anti-p73 antibody
followed by 1B with anti-p73 antibody. Actin expression served as a control for
equal loading of proteins in each lane. C, FACS analysis. H1299 cells were
transfected as in A, Forty-eight hours after transfection, attached and floating
cells were harvested, stained with PI, and their cell cycle distributions exam-
ined by flow cytometry.

plate reader at dual wavelength of 450/540 nm. As a positive
control, we used protein X that was supplied by the
manufacturer.

RNA Interference—To knock down the endogenous Plkl,
H1299 cells were transiently transfected with the chemically
synthesized siRNA targeting Plk1 or with the control siRNA
(Dharmacon, Chicago) using Lipofectamine™ RNAIMAX
(Invitrogen) according to the manufacturer's recommenda-
tions. Total RNA and whole cell lysates were prepared 48 h after
transfection.

RESULTS

SiIRNA-mediated Knockdown of Plkl Results in a Massive
Apoptosis—To ask whether Plk1 could protect cells from p53-
independent apoptosis, p53-deficient human lung carcinoma
H1299 cells were transfected with control siRNA or with siRNA
against Plkl. As shown in Fig 14, Plk]l was successfully
knocked down under our experimental conditions. The expres-
sion levels of p73a remained unchanged. Of note, the expres-
sion levels of pro-apoptotic pS34**, which is one o the p53/p73
target genes, were significantly induced in Plk1-knocked down
cells. Immunoblot analysis clearly demonstrated that the pro-
teolytic cleavage of PARP, which is one of the substrates of the
activated caspase-3 (30), is observed in Plkl-knocked down
cells in association with a significant induction of pro-apoptotic
p73a (Fig. 1B). FACS analysis revealed that siRNA-mediated
knockdown of the endogenous Plkl causes a remarkable
increase in number of cells with sub-G, DNA content relative
to control cells (Fig. 1C). Similar results were also obtained in
H1299 cells transfected with other siRNAs against Plk1 (data
not shown), suggesting that Plk1 might have an inhibitory effect
on p73-mediated apoptosis. Similar results were also obtained

JOURNAL OF BIOLOGICAL CHEMISTRY 8557

83

600Z "L 1 Y2IBiy UD HILNID NVD NI vEIHO 18 fio'aql mmm woy) papeojumog



Py oL

ASBMB

The Journal of Biological Chemistry

7

Plk1 Inhibits the p73-dependent Apoptosis

A
pTr3a
Pk
GAPDH

— = | gHApTIa
e w— | 4 FLAG-Pik1

e s wm A

Ha-pTla - + 4+ + . + + 4+ HApTia
FAG-a ¥ . FLAG-PIK1
B . . 4+ - pwso c L itin
- - =+ MGIR2
' 4FLAG-Pik1
= # 4 + HApTia
- = 4+ 4+ FAGPK!
| S| e— | AL i)
—— —— | HArpTia FLAG-PM1 =
—— 4 FLAG-PIk1 pm
—————— | pry iy
lun-ui . i
FIGURE 2 Plk1 pmmatns proteolytic degradation of p73 in a protea-
some . A, enforced expression of PIk1 reduces the

expression levels of P73, H1299 cells were co-transfected with the constant
amount of HA-p73« (0.5 jug) expression plasmid together with or without the
expression plasmid for FLAG-PIk1 (0.5 and 1.0 ug). Forty-eight hours after
transfection, total ANA and whole cell lysates were prepared and subjected to
RT-PCR (left panek) and IB with the indicated antibodies (right panels), respec-
tively. B, H1299 cells were transfected with the expression plasmid for HA-
p73a alone or with HA-p73a (0.5 g) plus FLAG-PIKT (05 pa) expression
plasmids, Forty-eight hours after transfection, cells were treated with DMSO
or with 20 jum of MG-132 for 6 h. Whole cell lysates were then extracted and
subjected to IB with the indicated antibodies. C, H1299 cells were transfected
with pcDNA3 or with FLAG-PIk1 expression plasmid. Forty-eight hours after
transfection, whole cell lysates and total RNA were prepared and subjected to
IP with anti-p73 antibody followed by IB with anti-p73 antibody (upper pan-
efs) and RT-PCR (lower panels), respectively, Actin was used as a loading con-
trol, and GAPDH was used as an internal control.

in p53-proficient U20S cells as well as p53-deficient SAOS-2
cells (supplemental Fig. 51). Thus, it is likely that siRNA-medi-
ated knockdown of the endogenous Plkl induces apoptosis
regardless of pS3 status,

These findings showing that siRNA-mediated knockdown of
Plk1 leads to a significant induction of the endogenous p73a at
protein level prompted us to examine whether Plk1 could affect
the protein stability of p73. For this purpose, H1299 cells were
co-transfected with the constant amount of the expression
plasmid for HA-p73e together with or without the increasing
amounts of FLAG-Plk] expression plasmid. As shown in Fig.
2A, left panel, Plk1 had undetectable effect on the expression
levels of p73a mRNA. On the other hand, immunoblotting
analysis revealed that Plkl reduces the amounts of HA-p73a
(Fig. 24, right panel). Intriguingly, Plk1-mediated reduction of
HA-p73a was not recovered in the presence of proteasome
inhibitor MG-132 (Fig. 28). Similar results were also obtained
in cells exposed to lactacystin (data not shown). In addition,
enforced expression of FLAG-Plk1 significantly reduced the
amounts of the endogenous p73aat protein level but not at the
mRNA level (Fig. 2C).

As described previously (31), CDDP treatment led to a stabi-
lization of the endogenous p73« in COS7 cells, whereas the
endogenous Plkl was down-regulated in response to CDDP
accompanied by the induction of apoptosis (Fig. 3, A~C), indi-
cating that there exists an inverse relationship between the
expression levels of Plk1 and p73« in response to CDDP and
that Plkl might promote proteolytic degradation of p73« in
a proteasome-independent manner. Furthermore, enforced
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FIGURE 3.1 1 hi the ion lev-
els of p73 and PIk1 in nspons: to CDDP. A-C, CO57 cells were neated with
40 pm of CDDP or left untreated. Forty-eight hours after the treatment, float-
ing and attached cells were collected, stained with Pl, and their cell cycle
distributions analyzed by flow cytometry (A). COS7 cells were treated with 40
w4 of CDDP or left untreated, Forty-eight hours after the treatment, nuclear
(upper panels) and whole cell lysates (lower panels) were prepared and sub-
jected to IB with the indicated antibodies (B). Total RNA was also prepared
and analyzed by RT-PCR (Q).

expression of Plk1 decreased the sensitivity to CDDP in asso-
ciation with the reduction of CDDP-mediated proteolytic
cleavage of PARP (supplemental Fig. $2).

Plk1 Inhibits p73-mediated Transcriptional Activation and
Pro-apoptotic Function—To address whether Plk1 could sup-
press the transcriptional activity of p73, we performed the
luciferase reporter assays. H1299 cells were co-transfected
with the constant amount of the expression plasmid for HA-
p73a, the luciferase reporter construct carrying p53/p73-
responsive p21%¥4*, BAX, or MDM2 promoter, and Renilla
luciferase ¢cDNA (pRL-TK) together with or without the
increasing amounts of FLAG-PIk1 expression plasmid. As
shown in Fig. 4, A-C, enforced expression of FLAG-Plk1 signif-
icantly reduced the luciferase activities driven by the indicated
promoters in a dose-dependent manner. Consistent with these
results, HA-p73a-mediated up-regulation of the endogenous
p21" A BAX, and MDM2 mRNAs was abrogated by FLAG-
Plk1 (Fig. 4D), suggesting that Plk1 has an ability to repress the
transcriptional activity of p73a.

To examine a possible effect of P1k1 on pro-apoptotic activity
of p73, we carried out apoptotic assay. H1299 cells were co-
transfected with the indicated combinations of the expression
plasmids. Consistent with the previous observations (32), HA-
p73a alone increased number of cells with apoptotic nuclei
(Fig. 54). As expected, FLAG-Plk1 had an ability to decrease
GFP-positive cells with apoptotic nuclei caused by exogenous
expression of HA-p73a. In accordance with these results, FACS
analysis demonstrated that HA-p73a-mediated increase in
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FIGURE 4. Pik1 rep thep73 P A-C, H1299 cells (5 % 10* cells) were
co-transfected with the constant amount of HA-p73 « expression plasmid (25 ng), 100 ng of p53/p73-respon-
sive luciferase reporter construct bearing p21"*' (4), BAX (8], or MDM2 (C) promoter and 10 ng of Renilla
luciferase reporter plasmid (pRL-TK) in the presence or absence of the increasing amounts of FLAG-PIK] expres-
sian plasmid (50, 100, and 200 ng). To standardize the amounts of plasmid DNA per transfection, pcDNA3 was
added to yield a total of 510 ng of plasmid. Forty-eight hours after transfection, cells were lysed, and their
luciferase activities were measured. Data were normalized and presented as mean values = 5D, of three
independent experiments. D, RT-PCR analysis. H1299 cells were co-transfected with the constant amount of
HA-pT3atogetherwith or without the increasing amounts of FLAG-PIk1 expression plasmid. Forty-eight hours
aftertransfection, total RNA was prepared and analyzed for the expression levels of 21", BAX, and MOM2 by
AT-PCA. Ampllification of GAPDH serves as an Internal control.
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FIGURE 5. Pik1 inhibits the pro-apoptotic activity of p73. A, apoptotic assay. H1299 cells were seeded at a
density of 2 % 107 cells/6-well tissue culture plate and allowed to attach overnight, Next day, cells were
co-transfected with the constant amount of GFP (100 ng) and HA-p73a (300 ng) expression plasmids together
with or without the increasing amounts of FLAG-PIk1 expression plasmid (500 and 1000 ng). Total amount of
plasmid DNA was kept constant (2 ug) with pcDNA3. Forty-eight hours after transfection, cells were fixe, and
cell nuclei were stained with DAPIL. The percentages of GFP-positive cells with apoptotic nuclei were plotted. 8,
FACS analysis, H1299 cells were co-transfected with the constant amount of the expression plasmid encoding
HA-p73a (250 ng) together with or without the increasing amounts of FLAG-Plk1 expression plasmid (100 or
200 ng). Forty-eight hours after transfection, attached and floating cells were collected, stained with Pi, and
their cell cycle distributions analyzed by flow cytometry.

strated that the endogenous p73a
is detectable in cell nucleus regard-
less of CDDP treatment (Fig. 6A4). It
was worth noting that the endoge-
nous Plk1 localizes both in the cyto-
plasm and cell nucleus in the
absence of CDDP, whereas CDDP
treatment induces the nuclear accu-
mulation of Plkl. Merged images
revealed that Plkl is largely co-lo-
calized with p73ain the cell nucleus
in response to CDDP. Under our
experimental conditions, immuno-
fluorescence staining without pri-
mary antibodies did not show any
positive signals (data not shown).
These observations suggest that
Plk1 might interact with p73 in cells
exposed to CDDP.

To further confirm this notion,
we performed immunoprecipita-
tion experiments. HelLa cells were
exposed to CDDP for 24 h, and
whole cell lysates were immuno-
precipitated with normal mouse
serum (NMS) or with anti-p73
antibody followed by immuno-
blotting with anti-Plk1 antibody.
As shown in Fig. 6B, left panels,
the anti-p73 immunoprecipitates
contained the endogenous Plkl.
Reciprocal experiments demon-
strated that p73 is co-immunopre-
cipitated with the endogenous Plkl
(Fig. 6B, right panels). Similar
results were also obtained in the co-
immunoprecipitation experiments
using exogenous materials (supple-
mental Fig. 53). These observations
strongly suggest that Plk1 interacts
with p73a in cells.

To identify the essential region(s)
of p73a required for the interaction
with Plk1, we carried out im vitro
pulldown assays. The indicated
GST-p73a deletion mutants (Fig.
7A) were purified by glutathione-
Sepharose beads (Fig. 7B). Each of
these GST fusion proteins were

number of cells with sub-G, DNA content is inhibited by co-
expression with FLAG-Plk] in a dose-dependent manner (Fig.
5B), indicating that Plkl suppresses the p73a-mediated apo-
ptotic cell death.

Interaction between Plkl and p73 in Cells—To address
whether Plk1 could associate with p73 in cells, we examined
their subcellular distributions in response to CDDP. Human
cervical carcinoma HelLa cells were treated with CDDP or left
untreated for 24 h. Immunofluorescence microscopy demon-

ey

MARCH 28, 2008+ VOLUME 283-NUMBER 13

incubated with the radiolabeled FLAG-PIk1, which was gener-
ated by invitro transcription/translation system in the presence
of [**S]methionine. As clearly shown in Fig. 7C, the radiola-
beled FLAG-PIk1 was efficiently pulled down by GST-p73a-
(1-130) but not by the remaining GST fusion proteins, imply-
ing that the region between amino acid residues 63 and 113 of
p73a is important for the interaction with Plk1.

In addition, we sought to determine the region of Plkl
required for the complex formation with p73e. To this end, we
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generated the indicated Plk1 deletion mutants labeled with
[**S]methionine (Fig. 84). These deletion mutants were incu-
bated with GST-p73a-(1-130) (Fig. 8B). As shown in Fig. 8C,
FLAG-Plk1-(1-401), FLAG-PIk1-(1-329), and FLAG-Plk1-
(1-218) retained an ability to associate with GST-p73a-(1-
130), whereas FLAG-Plk1-(1-98) failed to interact with GST-
p73a-(1-130). These results indicated that the region between

DAP

FIGURE 6. Interaction between Plk1 and p73 in cells. A, nuclear co-localiza-
tion of Plk1 with p73 in response to CODP, HelLa cells were treated with 20 um
CDOP (lower panels) or left untreated (upper panels), Twenty-four hours after
the treatment cells were simultaneously probed with polyclonal anti-p73
antibody and monoclonal anti-Plk1 antibody for 1 h at room temperature,
After extensive washing in PBS, cells were incubated with rhodamine-conju-
gated anti-mouse IgG (red) and fluorescein isothiocyanate-conjugated ant)

rabbit IgG (green), Cell nuclei were stained with DAP! (blue). Merged images
indicate the nuclear co-localization of PIk1 with p73a (yellow). B, immunopre-
cipitation. Hela cells were exposed to 20 ju CODP, Twenty-four hours after
CDDP treatment, whole cell lysates were |P with NMS or with anti-p73 antl-
body followed by IB with anti-Plk1 antibody (left panel). Input lysates were
analyzed by IB with the indicated antibodies. Reciprocal experiments are
shown in the right panels.

A TA D8 00 sam
PT3a(162)
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P73a(114-328)
483
p73af311-483)
549 a8
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amino acid residues 99 and 218, including a part of the kinase
domain of PIkl, is essential for the interaction with p73a.

Kinase Activity of Pkl Is Required for the Inhibition of p73
Function—To examine whether the kinase activity of Plk1
could be necessary for the inhibition of p73 function, we tested
a possible effect of the kinase-deficient mutant form of Plk1
(P1k1(K82M)) (20) on p73a. For this purpose, we first examined
whether Plk1(K82M) could interact with p73« in cells. COS7
cells were co-transfected with the expression plasmids encod-
ing HA-p73a and FLAG-Plk1(K82M). Forty-eight hours after
transfection, whole cell lysates were immunoprecipitated with
NMS or with anti-FLAG antibody followed by immunoblotting
with anti-p73 or with anti-FLAG antibody. As seen in Fig. 94,
left panels, HA-p73a was co-immunoprecipitated with FLAG-
Plk1(K82M). Similarly, the anti-p73 immunoprecipitates con-
tained FLAG-PIk1(K82M) (Fig. 94, right panels). These results
suggest that the kinase-deficient mutant form of Plkl retainsan
ability to interact with p73 in cells.

To further examine the effect of the kinase activity of Plk1 on
p73 lunction, we performed luciferase reporter assays. H1299
cells were co-transfected with the constant amount of the
expression plasmid for HA-p73a, luciferase reporter construct
bearing p53/p73-responsive p21VAF!, BAX, or MDM2 pro-
moter, and Renilla luciferase cDNA along with or without the
increasing amounts of FLAG-Plk1(K82M). As shown in Fig. 9,
B-D, FLAG-Plk1(K82M) had negligible effect on the transcrip-
tional activity of HA-p73a. In contrast to wild-type Plk1,
enforced expression of FLAG-Plk1(K82M) in H1299 cells had
marginal effect on the expression levels of the endogenous
p73« (supplemental Fig. S4). Collectively, these results indicate
that kinase activity of PIk1 is required for the inhibition of p73
function.

Plk1 Phosphorylates p73 in Vitro—
To address whether Plkl could
phosphorylate p73, we performed in
vitro kinase reaction (29). To this
end, we employed a CycLex Plkl
assay kit. As a positive control, we
used protein X, which was provided
by the manufacturer. According to
the manufacturer’s instructions, the
active form of Plkl was incubated
with anti-phospho-Thr antibody,
and then substrate proteins, includ-
K3 ing protein X, GST, or the indicated

GST-p73a fusion proteins (Fig.
104) were added to the reaction
mixture. After the incubation,
horseradish peroxidase-conjugated
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FIGURE 7, NH ;-terminal small domain of p73 is required for the interaction with Plk1. A, domain structure
of wild-type p73a and schematic representation of GST-tagged p73« deletion mutants. TA, transactivation
domain; DB, DNA-binding domain; OD, oligomerization domain; SAM, sterile e-motif domain, Numbers indicate
amino acid positions. B, GST and GS5T-p7 3« fusion proteins were purified by glutathione-Sepharose beads and
separated by 10% SD5-PAGE followed by Coomassie Brilliant Blue staining, C, in vitro pulldown assay. Equal
amount of radiolabeled FLAG-PIk1 was incubated with GST or with the indicated GST-p73« fusion proteins,
After incubation, GST or GST-p73« fusion proteins were recovered by glutathione-Sepharose beads, and
bound materials were resolved by 10% SD5-PAGE followed by autoradiography.
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secondary antibody was mixed with
the reaction mixtures. As shown in
Fig. 108, yellow color was observed
in the reaction mixtures containing
protein X, GST-p73a-(1-62), and
GST-p73a-(1-130). Fig. 10C shows
the results of quantification ol the
reactions, suggesting that Plkl
might phosphorylate Thr residue(s)
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FIGURE 8. Kinase d inof Plk1 is ial for the interaction with p73. A, schematic drawing of wild-type
Plk1 and its deletion mutants. KD, kinase domain; P8, polo-box domain. B, Coomassie Brilliant Blue staining of
G5T-p73a-(1-130) used for this study. C, in vitro pulldown assay. Equal amount of GST-p73a-{1-130) was
Incubated with radiolabeled FLAG-PIk1 deletion mutants (Jeft panel), After incubation, GST-p73ar-(1-130) was
precipitated by giutathione-Sepharose beads, and bound materials were separated by SDS-PAGE followed by
autoradiography.
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FIGURE 9. Kinase activity of Plk1 is required for the inhibition of p73. A, Pik1(K82M) retains an ability to
interact with p73 in cells, COS7 cells were transiently co-transfected with the expression plasmids for HA-p73a
and FLAG-Plk1(K82M). Forty-eight hours after transfection, whole cell lysates were prepared and subjected to
IP with NMS or with anti-FLAG antibody. The immunoprecipitates were analyzed by IB with anti-p73 (15t pane/)
or with antl-FLAG (2nd panef) antibody. Input lysates were processed for 1B with the indicated antibodies. Right
panels show the results of the reciprocal experiments. 8-0, luciferase reporter assay. H1299 cells were tran-
siently co-transfected with the constant amount of HA-p73a expression plasmid (25 ng), 100 ng of luciferase
reporter construct carrying p53/p73-responsive element derived from p21"%**' (8), Bax (C), or MDM2 (D) pro-
moter and 10 ng of pRL-TK together with or without the increasing amounts of the expression plasmid for
FLAG-PIK1(K82M) (50 and 100 ng). Forty-eight hours after transfaction, cells were lysed and their luciferase
activities determined. Firefly luminescence signal was normalized based on the Renilla luminescence signal.
Results were shown as foid induction of the firefly luciferase activity compared with control celis transfected
with the empty plasmid alone.
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within the region between amino
acid residues 1 and 130 of p73a.

As described previously (33), a
sequence (D/EMX(S/T)X(D/E) (where
X is any amino acid; ¢ is hydropho-
bic amino acid) was identified as a
consensus motif for Plkl-depen-
dent phosphorylation. During the
search for a putative phosphoryla-
tion site(s) targeted by Plkl within
the amino acid sequence of p73a
(residues 1-130), we found out a
related motif (**DSTYFD) was in
the NH,-terminal portion of p73e.
To further confirm whether Thr-27
of p73a could be phosphorylated by
Plk1, we generated a mutant form of
GST-p73a-(1-130), termed T27A,
where Thr-27 was substituted to
Ala. Purified GST fusion proteins
(Fig. 11A) were subjected to the in
vitro kinase reaction. As shown in
Fig. 11, Band C, the amino acid sub-
stitution resulted in a significant
reduction of Plkl-mediated phos-
phorylation level of GST-p73a-(1-
130). Consistent with these results,
GST-p73-(1-130) and S48A mu-
tant were strongly radiolabeled in
the presence of Plk1, whereas T27A
mutant was labeled to a lesser
degree (Fig. 11D), indicating that
Thr-27 of p73a is at least one of the
phosphorylation sites targeted by
Plkl. Taken together, our current
results have exposed a novel molec-
ular mechanism behind Plk1-medi-
ated protection of cells from p73-
dependent apoptosis.

DISCUSSION

In this study, we have found for
the first time that p73 plays a crucial
role in the induction of massive apo-
ptosis in p53-deficient cells caused
by siRNA-mediated depletion of the
endogenous Plkl. Thus, it is likely
that Plkl protects p53-deficient
cells from p73-mediated apoptosis.
In this connection, inhibition of
Plk1 function might provide a novel
therapeutic strategy to treat tumors
with p53 mutation.

We have previously demon-
strated that Plk1 interacts with p53
and suppresses its transcriptional as
well as pro-apoptotic activity (20).
According to our previous results,
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Plkl bound to a DNA-binding
domain of p53 and inhibited its
transcriptional activity. For p73,
Pkl interacted with the region
between NH,-terminal transactiva-
tion domain and a DNA-binding
domain of p73a, which includes the
proline-rich domain (amino acid
residues 81-113). Because NH,-ter-
minal  proline-rich  domain is

FIGURE 10. PIk1 has an ability to phosphorylate p73 at its NH -terminal region in vitro. A, Coomassie
Brilliant Blue staining of GST or GST-p73a fusion proteins used for in vitro kinase reaction. 8, in vitra kinase assay.
GST or the indicated G5T-p73a deletion mutants bound to glutathione-Sepharose beads were washed with
washing buffer and resuspended in 90 pu! of kinase reaction buffer. Protein X, which was supplied by manufac-
turer, was used as a positive control. 10 ul of the active form of Plk1 were added to the reaction mixtures and
incubated at 30 *Cfor 30 min. The reaction mixtures were washed with washing buffer and then incubated with
100 jul of polycional anti-phospho-Thr antibody at room temperature for 30 min followed by
horseradish peroxidase-conjugated anti-rabbit IgG at room temperature for 30 min, After incubation, 100 ! of
substrate reagent were added to the reaction mixtures and incubated at room temperature for 5 min. Yellow
coloration indicates the Plkl-mediated phosphorylation at Thr residue. After the addition of 100 w of stop
solution, supematant was transferred into 96-well tissue culture plate, and the absorbance reading was carried

out at 450/540 nm using the microplate reader (C).
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FIGURE 11. Thr-27 of p73 is phosphorylated by Plk1 in vitro. A, Coomassie
Brilliant Blue staining of GST-p73a-(1-130) and the mutant form of G5T-p7 3a-
(1-130) termed T27A where Thr-27 was substituted to Ala. B, in vitro kinase
assay, In vitro kinase reactions were performed using GST-p73a-(1-130) and
T27A as described in Fig. 108. C, absorbance reading of the in vitro kinase
reactions, [, standard in vitro kinase assay. G5T-p73a-(1-130), T27A, and S48A
were incubated with the active form of PIk1 In the presence of [v-**P]ATP. The
reaction mixtures were separated by SD5-PAGE and subjected to autoradiog-
raphy (top panel). Bottom panel showed the Coomassie Brilliant Blue staining
of the GST-p73« fusion proteins.
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involved in the transcriptional
activity of p73 (34), it is possible that
Plk1 masks the proline-rich domain
to render p73a latent form. Thus, it
is likely that Plkl-mediated inhibi-
tory mechanisms of p73 is distinct
from those of p53.

In response to CDDP, p73a as
wellas p53 is induced to accumulate
in association with a down-regula-
tion of Plk1 (20). Under our exper-
imental conditions, Plkl has an
ability to promote a proteolytic deg-
radation of p73 in a proteasome-in-
dependent manner. As described
(35), calpain promoted the proteo-
lytic cleavage of p73. However, our
preliminary experiments demon-
strated that the calpain inhibitor
had an undetectable effect on Plk1-
mediated proteolytic degradation
of p73 (data not shown). Although
the precise molecular mechanisms
behind the Plkl-mediated proteolytic degradation of p73
remain unclear, our present results indicate that, under nor-
mal conditions, PIk1 might contribute to maintain pro-apo-
ptotic p73 at extremely low levels and also suggest that Plk1-
mediated proteolytic degradation of p73a might be an
alternative molecular mechanism of p73 dysfunction. Simi-
larly, Liu and Erikson (25) described that Plk1 depletion sta-
bilizes p53 in HeLa cells. In support with this notion, Chen et
al. (36) found that Plk1 inhibits UV-mediated phosphoryla-
tion of p53 at Ser-15 and thereby facilitates its nuclear export
and proteolytic degradation.

As described (2, 3), p73 function is modulated by post-trans-
lational modifications such as phosphorylation and acetylation.
Several lines of evidence suggest that phosphorylation of p73
does not always enhance its function (8 —13). Based on our pres-
ent results, PIk1 inhibited the p73a-mediated transcriptional
activation, whereas the kinase-deficient mutant form of Plk1
did not, indicating that Plk1-dependent phosphorylation of p73
plays an inhibitory role in the regulation of p73 activity. In
accordance with this notion, our in vitre kinase reactions dem-
onstrated that GST-p73a-(1-130) is phosphorylated by Plk1,
During the extensive search for putative phosphorylation
site(s) within the NH,-terminal portion of p73e, we found out
two canonical phosphorylation sites targeted by Plk1, including
(**DSTYFD?*) and (*¥DSSMDV®). Thr-27 substituted to Ala

incubation with
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(T27A) resulted in a significant reduction of Plkl-mediated
phosphorylation of GST-p73a-(1-130), whereas S48A mutant
was efficiently phosphorylated by Plk1, suggesting that Thr-27
is at least one of the phosphorylation site(s) of p73a. Con-
sidering that Thr-27 exists within the transactivation
domain of p73, it is likely that Plkl-mediated phosphoryla-
tion of p73a at Thr-27 might induce the conformational
change of its transactivation domain and/or the dissociation
of the co-activator such as p300/CBP from p73a, and
thereby inhibiting transcriptional as well as pro-apoptotic
activity of p73a. Indeed, Plk1 inhibited the complex forma-
tion between p73 and p300 (supplemental Fig. S5). In addi-
tion, it has been shown that p300-mediated acetylation of
p73increasesthe stability of p73 (15). Thus, it is possible that
Plk1-mediated phosphorylation of p73 inhibits p73 function
through the dissociation of p300 from p73 and also induces
the degradation of latent forms of p73. Further studies
should be required to address this issue.

Another finding of this study was that the endogenous Plk1
begins to accumulate in the cell nucleus in response to CDDP
treatment. Based on our present results, Plk1 interacts with p73
and inhibits the apoptosis mediated by p73. Because the expres-
sion levels of Plkl decreased in cells exposed to CDDP, p73
might be liberated from the inhibitory complex containing Plk1
to exert its pro-apoptotic activity. The precise molecular mech-
anisms behind the CDDP-induced nuclear accumulation of
Plk1 remain unclear.

It has been well documented that the elevated levels of Plk1
expression show various human tumors (21, 37), and patients
with tumors showed a clear correlation between lower survival
rates and higher Plk1 expression levels (37-39). Taken together
with our present and previous results (20), P1k1 has an ability to
block the p53- and p73-dependent pro-apoptotic pathway, rais-
ing the possibility that Plk1 is one of the potential targets in
cancer treatment.
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N-MYC promotes cell proliferation through a direct transactivation
of neuronal leucine-rich repeat protein-1 (VLRRI) gene in neuroblastoma
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Neuaronal leucine-rich repeat protein-1 (NLRRI) pene
encodes a type I transmembrane protein with unknown
function. We have previously described that NLRRI gene
is highly expressed in unfavorable neuroblastomas as
compared with favorable tumors and its higher expression
levels correlate significantly with poor clinical outcome. In
this study, we have found that NLRRI gene is one of
direct target genes for N-MYC and its gene product
contributes to N-MYC-dependent growth promotion in
nenroblastoma. Expression levels of NLERR] were signi-
ficantly associated with those of N-MYC in various
neuroblastoma cell lines as well as primary neuroblastoma
tissues. Indeed, enforced expression of N-MYC resulted in
a remarkable induction of the endogenous NLRRI.
Consistent with these results, we have identified two
functional E-boxes within the promoter region and
intron 1 of NLRRI gene. Intriguingly, c-myc also
transactivated NLRRI gene. Enforced expression of
NLRRI promoted cell proliferation and rendered cells
resistant to serum  deprivation. In support with these
observations, small-interfering  RNA-mediated knock-
down of the endogenons NLRRI-reduced growth rate
and sensitized cells to serum starvation. Collectively, our
present findings provide a novel insight into understanding
molecular mechanisms behind aggressive neuroblastoma
with N-M ¥C amplification.

Oncogene (2008) 27, 6075-6082; doi:10.1038/onc.2008.200;
published online 30 June 2008

Keywords: c-myc; neuroblastoma; N-MYC; NLRRI;
proliferation; transactivation

In a sharp contrast to c-mye, the expression of N-MYC
is largely restricted to embryonic tissues and neuroendo-
crine tumors (Boon et al., 2001). It has been established
that N-M YC gene amplification is strongly associated
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with poor clinical outcome of aggressive human
neuroblastoma (Kohl ef al., 1983; Schwab et al., 1983;
Seeger et al., 1985). Indeed, enforced expression of
N-MYC in neuroblastoma cell lines resulted in an
accelerated proliferation (Bernards er al., 1986; Lutz
et al., 1996), whereas treatment of neuroblastoma cells
with antisense oligonucleotides specific to N-MYC
decreased their proliferation (Negroni et al.. 1991).
Consistent with these observations, transgenic mice
overexpressing N-MYC in neural crest-derived tissues
displayed frequent development of neuroblastomas
(Weiss et al., 1997), suggesting that deregulated expres-
sion of N-MYC is causative in genesis and development
of neuroblastoma in vivo. However, it is still unclear how
N-MYC contributes to the formation of neoplastic
phenotypes of neuroblastoma.

N-MYC is a nuclear transcription factor containing
NH;-terminal transactivation domain and COOH-term-
inal helix-loop-helix/leucine-zipper domain as well as the
basic region (Kouzarides and Ziff, 1988; Landschulz
et al., 1988; Murre et al, 1989). N-MYC forms a
heterodimeric complex with Max through their helix-
loop-helix/leucine-zipper domains and binds to consen-
sus site known as E-box (CACGTG) (Alex ef al.. 1992;
Blackwood et al., 1992; Torres et al., 1992). 1dentifica-
tion of its direct transcriptional target gene(s) might
provide a novel insight into understanding the funetional
contribution of N-MYC in malignant phenotypes of
aggressive neuroblastoma. Extensive efforts demon-
strated that prothymosin-«, ornithine decarboxylase
teromerase reverse transcriptase, /d2 and genes involved
in ribosome biogenesis are transcriptional targets of
N-MYC (Lutz et al., 1996; Wang et al., 1998; Lasorella
et al., 2000; Boon er al., 2001). Recently, Slack er al.
(2005) described that MDM2 that acts as an E3 ubiquitin
protein ligase for tumor suppressor, pS3, is a putative
transcriptional target of N-MYC. According to their
results, N-MYC directly binds to a consensus E-box
within human MDM 2 promoter region and N-MYC has
an ability to transactivate MDM2 promoter. Further-
more, the endogenous MDM2 increased in N-MYC-
inducible neuroblastoma cells. These observations
suggest that MDM2 is important in N-MYC-driven
neuroblastoma development.
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Figure 1 Expression of N-MYC and neuronal leucine-rich repeat protein-1 (VLRRI) in various neuroblastoma-derived cell lines and
primary tissues. (a) Expression of NLRR] is restricted in neuroblastoma cell lines with N-MYC amplification. Total RNA was
prepared from neuroblastoma cell lines with N-M¥C amplification (SAN, IMR-32, CHP134, LANS and SK-N-BE) and
neuroblastoma cell lines bearing a single copy of N-MYC (OAN, SH-SYSY and SK-N-AS) using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and analysed for expression levels of N-MYC (top) and NLRR! (middle) by reverse transcription (RT) PCR.
GAPDH was used as an internal control (bottom) The oligonucleotide primer sequences used in this study are as follows: human
NLRRI, ¥-GTCGATGTCCATGAATACAACCT-3 (sense) and S-CAAGGCTAATGACGGCAAAC-Y (antisense); human
N-MYC, §-CTTCGGTCCAGCTTTCTCAC-3 (sense) and 5'-GTCCGAGCGTGTTCAATTTT-Y (antisense); human GAPDH,
S-ACCTGACCTGCCGTCTAGAA-Y (sense) and §'-TCCACCACCCTGTTGCTGTA-Y (antisense). (b, ¢) Induction of NLRR1 in
N-MYC-inducible Tet2IN cells. At the indicated time points after removal of tetracycline (Tc), total RNA and cell lysates were
prepared and processed for RT PCR (b) and immunoblonting with anti-N-MYC (Ab-1, Oncogene Research Products, Cambridge,
MA, USA), anti-NLRR1 and anti-actin (20 33, Sigma, S1 Louis, MO, USA) antibodies (¢), respectively. For RT PCR, GAPDH was
used as an internal control. For immunoblotiing, actin was used as a loading control, (d, ¢) Downregulation of NLRR1 in Te121 N cells
maintained in the presence of Tc. At the indicated time periods after the addition of Tc (100 ng/ml), total RMA and cell lysates were
prepared and subjected to RT PCR (d) and immunoblotiing (e), respectively. () Expression of NLRR/ in primary neuroblastomas,
Total RNA was prepared from eight favorable neuroblastomas (cases 1 8) and eight unfavorable ones (cases 9 16) and subjected to
RT PCR 1o examine expression levels of N-MYC (1op) and NLRRI (middle). GAPDH was used as an internal control (bottom),
(g) Immunohistochemical analysis. Primary neuroblastomas tissues with N-MYC amplification were immunostained with anti-NLRR1
(left panels) or with anti-N-MYC antibody (right panels). The BenchMark XT immunostainer (Ventana Medical Systems, Tucson,
AZ, USA) and 3,3 diaminobenzidine detection kit (Ventana Medical Systems) were used 1o visualize NLRRI and N-MYC. All
patients agreed to participate and provided written informed consent and our present study was approved by institutional ethical
review commillee.

Mammalian neuronal leucine-rich repeat protein were expressed at higher levels in favorable neuroblas-

family (NLRR) is a type 1 transmembrane protein with
extracellular leucine-rich repeats, which is composed of
NLRR1-5 (Taguchi er al., 1996; Taniguchi er al., 1996;
Hamano et al, 2004; Bando et al, 2005). NLRR
proteins have been proposed to function as cell adhesion
or signaling molecules (Fukamachi et al., 2002). We
have previously reported that expression levels of
NLRR! are significantly higher in unfavorable neuro-
blastoma than those in favorable one and higher
expression levels of NLRRI closely correlate with poor
clinical outcome of patients with neuroblastoma
(Hamano et al., 2004). In contrast, NLRR3 and NLRRS

Oncogene

toma as compared with unfavorable one. For NLRR2,
no significant differences were observed in its expression
levels between favorable and unfavorable neuroblasto-
mas (Hamano er al., 2004). In the present study, we have
found that NLRRI is a direct transcriptional target of
N-MYC and its gene product is important in the
regulation of neuroblastoma cell proliferation.

To examine a possible correlation between expression
levels of N-MYC and NLRRI in neuroblastoma cells,
total RNA was prepared from the indicated cell lines
and subjected to reverse transcription (RT)-PCR.
As shown in Figure la, all neuroblastoma cell lines



with N-MYC amplification that we examined expressed
NLRRI mRNA, whereas we did not detect NLRR]
mRNA in OAN, SH-SYSY and SK-N-AS cells bearing
a single copy of N-MYC under our experimental
conditions. To confirm a possible relationship between
N-MYC and NLRRI, we employed N-MYC-inducible
neuroblastoma cells (Tet2IN) derived from parental
neuroblastoma cell line SHEP (Lutz et al., 1996).
According to their results, Tet2IN eells constitutively
expressed N-MYC in the absence of tetracycline
(Tc), whereas the addition of Tc to the culture decreased
N-MYC expression levels. For this purpose, we have
generated polyclonal antibody against NLRRI that
recognizes the region including amino-acid residues
between positions 693 and 712. At the indicated time
points after Tc depletion, total RNA and cell lysates
were prepared and subjected to RT-PCR and immuno-
blotting, respectively. As shown in Figure Ib, Tc
deprivation led to an induction of N-MYC in associa-
tion with a significant increase in expression levels of
NLRRI. Similar results were also obtained in immuno-
blotting analysis (Figure Ic). In contrast to the with-
drawal of Tc, the addition of Tc to the culture
significantly reduced expression levels of N-M YC and
the concomitant decrease in expression levels of NLRR]
was detectable at mRNA and protein levels (Figures 1d
and e), suggesting that NLRR/ might be a direct
transcriptional target of N-MYC.

Consistent with these results, NLRR/ expression was
undetectable in favorable primary neuroblastomas
carrying a single copy of N-M YC, whereas unfavorable
primary neuroblastomas bearing N-M ¥ C amplification
expressed substantial amounts of NLRRI (Figure 1f).
Immunohistochemical analyses also revealed that
NLRR1 is coexpressed with N-MYC in primary
neuroblastomas  bearing N-MYC  amplification
(Figure 1g). On the other hand, NLRR1 was undetect-
able in primary neuroblastomas carrying a single copy
of N-MYC (data not shown). In addition, Spearman’s
rank correlation coefficient between NLRR] and
MYCN mRNA expression in 136 primary neuroblasto-
mas was .42 (P<0.0001) as shown in the scatter plot of
Supplementary Figure S1, suggesting that NLRR/ and
MYCN expression in primary tumors is also positively
correlated.

To address whether N-MYC could enhance the
transcription of NLRRI, HeLa cells were transfected
with or without the increasing amounts of the expres-
sion plasmid encoding N-MYC. As clearly shown in
Supplementary Figure 52, N-MYC had an ability to
transactivate the endogenous NLRR1 in a dose-depen-
dent manner. In contrast, N-MYC had undetectable
effects on expression levels of the endogenous NLRR2
(data not shown). Intriguingly, c-myc was also capable
to transactivate the endogenous NLRRI (Supplemen-
tary Figure S2). Expression levels of cyclin E were
examined as a positive control. As it has been well
established that N-MYC recognizes and binds to so-
called E-box (5'-CACGTG-3'), we sought to find out the
putative E-box sequence(s) within 3'-upstream region as
well as intron 1 of NLRRI gene. Finally, we found out

N-MYC-dependent transactivation of NLRR1
M5 Hessain ef af

three (E-1. E-2 and E-3) and two candidate E-boxes (E-4
and E-5) within 5'-upstream region and intron 1 of
NLRRI gene, respectively (Figure 2a). To investigate
whether these canonical E-boxes could respond to
N-MYC, we subcloned genomic fragments containing
cach of these putative E-boxes into luciferase reporter
plasmid to give pluc-El, pluc-E2, pluc-E3, pluc-E4 and
pluc-E5. SK-N-AS cells carrving a single copy of
N-M YC were co-transfected with the constant amount
of the expression plasmid for N-MYC and Renilla
luciferase reporter plasmid together with the indicated
luciferase reporter plasmids. At 48 h after transfection,
cells were lysed and their luciferase activities were
measured. As shown in Figure 2b, E-1 and E-4 boxes
showed the relatively higher luciferase activities than
those of the remaining putative E-box-containing
fragments. Similar results were also obtained in mouse
neuroblastoma Neuro2a cells (data not shown). Thus,
we focused our attention on E-1 and E-4 boxes. To
verify the functional significance of E-1 and/or E4 box,
we have disrupted E-1 or E-4 box to give pluc-E1A or
pluc-E4A luciferase reporter construct. Luciferase re-
porter assays demonstrated that pluc-E1A and pluc-E4A
do not respond to exogenously expressed N-MYC
(Figure 2c). These results indicate that E-1 and E-4
boxes are the functional elements involved in N-MYC-
dependent transcriptional activation of NLRR].

To ask whether N-MYC could be recruited onto E-1
andfor E-4 box in cells, we performed chromatin
immunoprecipitation (ChIP) assays. Cross-linked chro-
matin prepared from the indicated cells was immuno-
precipitated with normal mouse serum or with
monoclonal anti-N-MYC antibody. Under our experi-
mental conditions, an average length of sonicated
genomic DNA fragments was 200-800 nucleotides in
length (data not shown). The genomic DNA was
purified from immunoprecipitates and amplified by
PCR. As shown in Figure 2d, the estimated sizes of
PCR products containing E-1 or E-4 box were
detectable in IMR-32, SAN and CHP134 cells with
N-MYC amplification, whereas our ChIP assays did not
detect the estimated PCR products in SK-N-AS and
SH-SYSY cells bearing a single copy of N-MYC. In
addition, we could not detect the efficient recruitment of
N-MYC onto E-3 box that did not respond to
exogenously expressed N-MYC. Consistent with these
results, the anti-N-MYC immunoprecipitates prepared
from Tet2IN cells maintained in the absence of Te
contained the genomic fragments encompassing E-1 and
E-4 boxes. In a sharp contrast, genomic fragment
including E-3 box was not detectable in the anti-N-
MYC immunoprecipitates prepared from Tet2IN cells
cultured in the absence of Tc. These observations
suggest that N-MYC is recruited onto E-1 and E-4
boxes of NLRRI gene in cells.

We next examined a possible effect of NLRR1 on cell
growth of neuroblastoma cells. SK-N-BE cells were
transfected with the empty plasmid or with the expres-
sion plasmid for Myc-tagged NLRR1 (NLRRI-Myc).
At 48h after transfection, cells were transferred
into fresh medium containing G418 for 2 weeks.
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Figure 2 Luciferase reporter analysis. () Schematic drawing of the §'-upstream region and intron 1 of human Neuronal leucine-rich
repeat protein-1 (NLRRI) gene. Exons | and 2 were indicated by solid boxes. The positions of putative E-boxes were indicated by
arrows, (b) Luciferase reporter assays. SK-N-AS cells were co-transfected with the constant amount of N-MYC-expression plasmid
(100 ng), Renilia luciferase reporter plasmid (pRL-TK, 10 ng) and luciferase reporter plasmid containing E-1, E-2, E-3, E-4 or E-5 box
(100 ng). Total amount of plasmid DNA per transfection was kept constant (510ng) with pcDNA3, At 48 h after transfection, cells
were lysed and their luciferase activities were measured by Dual-Luciferase reporter system (Promega, Madison, WI, USA). The firefly
luminescence signal was normalized based on the Renilla luminescence signal. The resulis were obtained at least three independent
experiments, (¢) E-1 and E-4 boxes are required for N-MYC-dependent transactivation of NLRR] promoter. SK-N-AS cells were co-
transfected with the constant amount of the expression plasmid for N-MYC (100 ng), pRL-TK (10 ng) and luciferase reporter plasmid
lacking E-1 {pluc-E1A) or E-4 box (pluc-E4A). At 48 h afler transfection, cells were lysed and their luciferase activities were measured
as in (b). (d) N-MYC is efficiently recruited onto E-1 and E-4 boxes. Chromatin immunoprecipitation (ChIP) assays were carried out
using chromatin inmunoprecipitation assay kit provided from Upstate (Charlottesville, VA, USA). In brief, the indicated cells were
cross-linked with formakichyde and cross-linked chromatin was sonicated followed by immunoprecipitation with normal mouse serum
(NMS) or with monoclonal anti-N-MYC antibody. Genomic DNAs were purified from the immunoprecipitates and subjected to PCR
to amplify the genomic region containing E-1, E-3 and E-4 boxes. The oligonucleotide primer sequences used in this study are as
follows: E-1, S-AAGTTGGATTTGATGACTGATACG-¥ (sense) and 5~AGGCAAGAGACCATGTGCAGGAG-Y (antisense);
E-3, 5-ATGAATCGAACAGTGGAGAGAC-Y (sense) and S-AATGCTTAGGACAGTGCTTAG-Y (antisense); E-4, S-TGTCTA
ACATTAGCTGCGTGACC-3 (sense) and S“AATGCTGTTCCGTGAATAGGTTC-¥ (antisense)

Drug-resistant cells were collected and their growth was
examined. As shown in Figure 3a, exogenous NLRRI-
Myc was expressed in drug-resistant cells transfected
with NLRRI-Myc expression plasmid. Of note,
NLRRI-Mye transfectants displayed an accelerated
proliferation as compared with the control transfectants
(£=<0.01; Figure 3b). To investigate the possible role of
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the endogenous NLRRI, we have designed small-
interfering RNA (siRNA) against NLRR1. As shown
in Figure 3c, siRNA-targeting NLRRI significantly
downregulated the expression levels of the endogenous
NLRR] in SK-N-BE cells. As expected, siRNA-
mediated knockdown of the endogenous NLRRI
significantly reduced the rate of cell growth as compared
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Figure 3  Neuronal leucine-rich repeat protein-1 (NLRR1) promotes cell proliferation. (a) Exogenous expression of NLRR1-Myc in
SK-N-BE cells. SK-N-BE cells were transfected with the empty plasmid or with the expression plasmid for Myc-tagged NLRR1
(NLRR1-Myc) using Lipofi ine 2000 transfecti gent (Invitrogen, Carlsbad, CA, USA). At 48 h after transfection, cells were
transferred into fresh medium containing G418 (600 ug/ml), After 2 weeks of selection, drug-resistant cells were harvested and analysed
for the expression of exogenous NLRRI-Myc by immunoblotting with anti-Myc tag (PL14, Medical & Biological Laboratories,
Nagoya, Japan) antibody. (b) Growth curves. Parental cells, control transfectants and NLRRI-Myc transfectants were seeded at a
density of 1 x 107 cells per cell culture dish and allowed to attach ight (day 1). At the indicated time points after seeding the cells,
number of viable cells were measured and presented by graphs. Solid di ds, sq and triangles indicate 1 cells, control
and NLRR!-Myc uansfectants, respectively. *P<0.01. (c) Small-interfering RNA (siRNA)-mediated knockdown of the endogenous
NLRRI. SK-N-BE cells were transfected with control siRNA or with siIRNA against NLRR1 (20 nu, Takara, Ohtsu, Japan) using
Lipafectamine RNAIMAX (Invitrogen). At 48 h after transfection, cell lysates were prepared and subjected to immunoblotting with
anti-NLRR1 antibody. (d) Growth curves. SK-N-BE cells were transfected as in (c). At 24 h after transfection, attached cells were
collected and seeded at a density of 1 x 107 cells per cell culture plates, At the indicated time points after seeding the cells, number of
viable cefls were measured and presented by graphs. Solid triangles, circles and squares indicate parental cells, control transfectants and
NLRRI1-knocked down cells, respectively. *P<0.01. (¢) NLRR] has an anti-apoplotic potential in response to fetal bovine serum

(EBS) starvation. SK-N-BE and SH-SYSY cells were transfected with the empty plasmid or with the expression plasmid encoding
NLRRI-Myc. At 48 h after transfection, cells were ferred into fresh medium containing G418 (600 pg/ml). After 2 weeks of
selection, drug-resistant cells were harvested and cultured in the p e or ab of FBS. At 24h after treatment, floating and
attached cells were collected, stained with propidium iodide (PI) and their cellcycle distributions were analysed by fluor
activated cell sorting (FACS, Becton Dickinson, Mountuin View, CA, USA). Results obtained by FACS analysis were presented by
graphs. Open, gray and solid boxes indi p 1 cells, I transf and NLRR!-Myc-expressing transfectants,
respectively. *P<0.01, *P<001.
with the control cells (P<0.01; Figure 3d), indicating  fluorescence-activated cell sorting (FACS) analysis. As
that NLRR1 has an ability to promote cell growth in  shown in Figure 3e, FBS deprivation increased number
neuroblastoma. of parental and control SK-N-BE cells with sub-G,/G,
As described previously (Hamano er al, 2004), DNA content as compared with those cultured in the
NLRRI was expressed at significantly higher levels in  presence of FBS, whercas enforced expression of
unfavorable neuroblastoma than favorable one, indicat-  NLRR1-Myc significantly decreased number of cells
ing that NLRR] might have an anti-apoptotic activity.  with sub-G,/G, DNA content relative to parental and
To address this issue, SK-N-BE and SH-SYSY cells  control cells under FBS deprivation. Similar results were
were transfected with the empty plasmid or with the  also obtained in SH-SYSY cells (Figure 3e).
expression plasmid for NLRRI-Myc. At 48h after In support with these results, cleaved caspase-3 was
transfection, cells were exposed to G418 for 2 weeks.  detectable in control SK-N-AS transfectants maintained
Drug-resistant cells were collected and cultured in the  in the absence of FBS, whereas we did not detect cleaved
presence or absence of fetal bovine serum (FBS). At24h  caspase-3 in NLRRI-Myc transfectants under FBS
after FBS starvation, floating and attached cells were  deprivation (Figure 4a). Cleaved caspase-3 was also
harvested, stained with propidium iodide and measured  detected in parental cells in the absence of FBS
number of cells with sub-Go/G; DNA content by  (Figure 4b). In addition, cleaved poly-(ADP-ribose)
Oncogene
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Figure 4 Neuronal leucine-rich repeat protein-1 (NLRR1) is involved in the regulation of serum starvation-induced apoptosis.
(a) NLRRI inhibits the activation of casy 3. Comrol transf s and NLRR1-Myc-expressing transfectants derived from
SK-N-AS cells were cultured in the presence or absence of fetal bovine serum ( FBS). At 24h after the treatment, cell lysates were
prepared and processed for immunoblotting with anti-Myc tag (top) or with anti-caspase-3 (Cell Signaling, Beverly, MA, USA)
antibody (middle). Actin was used as a loading control (bottom). (b) Deprivation of FBS induces cleavage of caspase-3 in SK-N-AS
cells. SK-N-AS cells were cullured in the presence or in the absence of FBS. At 24 h after the treatment, cell lysates were prepared and
subjected to immunoblotting with the indicated antibodies. (¢) Effect of NLRR1 on cleavage of poly-(ADP-ribose) polymerase
(PARP) in response to FBS deprivation. Control transfectants (left) and NLRR1-Myc-expressing transfectants (right) were maintained
in the absence of FBS. Al the indicated time points after FBS withdrawal, cell lysates were prepared and analysed for the expression of
NLRRI-Mye (top) as well as the proteolytic cleavage of PARP by immunoblotting with anti-PARP (Cell Signaling) antibody (middle).
Actin was used as a loading control (bottom). (d, ¢) Smalkinterfering RNA (siIRNA)-mediated knockdown of the endogenous NLRR1
enhances apoplosis in response to FBS starvation. Tel2IN cells were grown in the fresh medium without tetracyeline (Tc) and
transfected with control siRNA or with siRNA against NLRR1. At 48 h after transfection, cells were transferred into fresh medium
without Tc and FBS, At 24 h after FBS starvation, floating and attached cells were collected, stained with propidium 1odide (PI) and
their cell-cycle distributions were examined by fluorescence-activated cell sorting (FACS) (d). Results obtained by FACS analysis were
presented by graphs. Open, gray and solid boxes indicate parental cells, control transfectants and NLRRI-knocked down
transfectants, respectively (e). *P<0.01.
polymerase (PARP) that is one of caspase-3 substrates ~ DNA content in response to FBS deprivation as compared
(Truscott et al., 2007), started to be observed in control  with parental cells and control transfectants. Collectively,
transfectants 12 h after FBS starvation (Figure 4c). On  our present results strongly suggest that NLRR1 is a novel
the other hand, the kinetics for cleavage of PARP was  transcriptional target of N-MYC and has a growth-
delayed in NLRRI1-Myc transfectants. Under our  promoting as well as anti-apoptotic potential.
experimental conditions, control SK-N-AS transfectants Small-interfering RNA-mediated knockdown of the
underwent apoptosis in response to FBS deprivation,  endogenous NLRR1 in SK-N-BE cells bearing N-MYC
whereas enforced expression of NLRRI-Mye in SK-N-  amplification resulted in a significant decrease in the rate
AS cells inhibited the FBS deprivation-induced apopto-  of cell growth. Furthermore, enforced expression of
sis (data not shown). These findings suggest that NLRRI1-Mye conferred resistance of SK-N-BE and SH-
NLRRI confers resistance of neuroblastoma cells to  SYSY cells to FBS deprivation-mediated apoptosis. In
FBS starvation-induced apoptosis. contrast, siRNA-mediated knockdown of the endogen-
To further confirm this notion, Tet2IN cells were  ous NLRRI led to an increase in number of cells with
maintained in the absence of Tc and then transfected sub-Gy/G, DNA content in response to FBS depriva-
with control siRNA or with siRNA against NLRR1. At tion. In addition, NLRR1-Myc blocked the activation
48h after transfection, cells were cultured in the absence  of caspase-3 in SK-N-AS cells exposed to FBS depletion
of FBS for 24 h and then their cell-cycle distributions were  and  thereby inhibiting the proteolytic cleavage of
analysed by FACS. As shown in Figures 4d and e, siRNA-  PARP. Thus. it is conceivable that NLRR1 inhibits
mediated knockdown of the endogenous NLRRI resulted  the mitochondria-dependent intrinsic apoptotic path-
in a significant increase in number of cells with sub-Go/G,  way of caspase activation (Degterev et al., 2003). As
Oncogene
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reported previously (Hamano er al., 2004), expression
levels of NLRRI in unfavorable neuroblastoma were
significantly higher than those of favorable one and
closely correlated with poor clinical outcome. As
aggressive neuroblastoma displays unfavorable clinical
outcome despite intensive chemotherapy (Brodeur and
Nakagawara, 1992), it is likely that N-MYC-mediated
induction of NLRR1 is involved in the regulation of
chemoresistant phenotypes of certain neuroblastomas.
However, precise molecular mechanisms behind
NLRRI1-mediated growth promotion and anti-apopto-
tic effect in response to FBS starvation remain unclear,
Further studies should be necessary to address this issue.

According to our present results, N-M YC-dependent
transcriptional induction of NLRRI was observed in
neuroblastoma cell lines. Furthermore, expression levels
of NLRRI significantly correlated with those of N-M ¥C
in primary neuroblastomas. Intriguingly, the enforced
expression of N-MYC in HeLa cells also induced the
expression of NLRRI, indicating that N-MYC-
mediated transcriptional activation of NLRRI is not
restricted to neuroblastoma cells. As described pre-
viously (Blackwood and Eisenman, 1991; Torres erf al.,
1992), c-myc/Max heterodimeric complex also recog-
nizes and binds to E-box. Like N-MYC, c-myc had an
ability to induce the expression of NLRR 1. Of note, our
luciferase reporter assays indicated that E-1 and E-4
boxes are required for N-MYC-dependent activation of
NLRRI promoter, whereas E-3 box does not respond to
N-MYC. Similar results were also obtained in cells
transfected with the expression plasmid for c-myc
(data not shown). As described previously (Hamano
et al, 2004), NLRRI was expressed ubiquitously in
human tissues. Among them, higher levels of NLRRI
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expression were observed in nerve tissues. Considering
that N-MYC expression is largely restricted to embryo-
nic tissues as well as neuroendocrine tumors, whereas
c-myc is expressed in a wide variety of tissues as well as
tumors (Boon ef al., 2001), N-MYC and c-myc might
act as transcription factors for NLRR/ in a cell-type-
dependent manner under physiological conditions.

In the present study, we have found that NLRR] is
one of direct transcriptional targets of oncogenic
N-MYC and is important in the regulation of cell
proliferation and the protection of cells from FBS
deprivation-induced apoptosis in neuroblastoma cells.
In support with this notion, there exists a positive
correlation between expression levels of N-MYC and
NLRRI in primary neuroblastomas. To our knowledge,
NLRRI is a first membrane protein whose expression
levels are directly regulated by N-MYC. Thus, our
present findings might provide a novel insight into
understanding molecular mechanisms behind genesis
and development of aggressive neuroblastoma with
N-MYC amplification.
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Expression of TSLCI, a candidate tumor

suppressor gene mapped

to chromosome 1123, is downregulated in unfavorable
neuroblastoma without promoter hypermethylation
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Although it has been well documented that loss of human chromo-
some 11q is frequently observed in primary neuroblastomas, the

smallest region of overlap (SRO) has not yel been precisely identi-
fied.  Previously, we (.ye!formnd array P ive g i
hybridization (array-CGH) analysis for 236 primary neuroblasto-

mas o search for fznomle aberrations with high-resolution. In
our study, we have identified the SRO of deletion (10-Mb or less)
at 11423, Wiihin this region, there exists a TSLCHIGSF4/CADM]
gene (Tumaor suppressor in lung cancer !immunoglobulin supers
SJamily 4/Cell adhesion molecule 1), which has been identified as a
putative tumor suppressor gene for lung and some other cancers.
Consistent with previous observations, we have found that 35% of
,;rimary neuroblastomas harbor loss of heterozygosity (LOH) on
SLCIT locus. In contrast to other cancers, we could not detect the
hypermethylation in its pr region in primary neuroblasto-
mas as well as neuroblastoma-derived cell lines. The clinicopatho-
logical analysis demonstrated that 7SLCT expression levels signifi-
cantly correlate with stage, Shimada's pathological classification,
MYCN amplification status, TrkA expression levels and DNA index
in primary neuroblastomas. The i histochemical Iy si
showed that TSLCI is remarkably reduced in unfavorable neuro-
blastomas. Furthermore, decreased expression levels of TSLCT
were significantly associated with a poor prognosis in 108 patients
with neuroblast Additionally, TSLC1 reduced cell prolifera-
tion in buman neuroblastoma SH-SY5Y cells. Collectively, our
present findings suggest that TSLCI ucts as a candidate tumor
suppressor gene for neuroblastoma.
© 2008 Wiley-Liss, Inc.

Key words: TSLCIIGSF4/CADMI; neuroblastoma; 11g23; wmor
SUppressor

Neuroblasioma is one of the most common solid wmors in
childhood and originates from the sympathoadrenal lincage of
neural crest. Its biological as well as clinical behavior is highly
heterogeneous in different prognostic subsets, Tumors found in
patients under 1 year of age ofien regress aPomaneously or differ-
entiate and result in a favorable prognosis.’ In a sharp contrast to
these favorable neuroblastomas, wumors found in patients over |
year of age are often aggressive with an unfavorble prognosis de-
spile an intensive therapy. A large number of multiple genomic
aberrations including DNA index, MYCN amplification status,
allelic loss of the distal part of chromosome 1p and the gain of
chromosome 17q have been identified in neuroblastoma,™

Alternatively, allelic loss of 11q has been frequently observed
in advanced stage of neuroblastoma with single copy of MYCN.
Indeed, 30% of tumors harhor allelic loss of 11q, and it might be
an independent prognostic indicator for clinically high-risk
patients without MYCN amplification.*” Aberrant deletions of 11q
often oceur in a distal pan of its long arm. Although several lines
of evidence delineated the smallest region of overlaps (SRO) of
deletions at 11q, it remains unclear whether there could exist a
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candidate tumor suppressor gene(s) 'rn;slicawd in biological and
clinical behaviors of neuroblastoma.®” Recently, we have per-
formed an array-comparative genomic hybridization (array-CGH)
analysis using 236 primary neuroblastomas and finally defined the
SRO (10-Mb or less) a llq23.""‘ During our extensive search for
the already identified candidate wumor suppressor gene(s) within
this region, we have found that TSLCIIGSF4ICADMI gene is
localized within this region.

TSLCI gene has been originally identified as o putative twmor
suppressor for non-small-cell lung cancer (NSCLC) located al
chromosome 1123 by functional complementation strategy of a
human lung cancer cell line. The downregulation of TSLCJ gene
was frequently detected in various human cancers including
NSCLC, prostate cancers, hepatocellular carcinomas and pancre-
atic cancers through its allelic loss as well as hypermethylation of
its promoter region. In spite of an extensive mutation search, only
2 inactivating TSLC! gene mutations were detected in 16] pri-
mary tumors and wmor-derived cell lines, suggesting that TSLC/
is rarely 1in h ? TSLCI encodes a single
membrane-spanning glycoprotein involved in cell<cell adhesion
through homophilic trans interaction.'” Accumulating evidence
indicates that TSLCI is significantly associated with hinlo,lzical
aggressiveness and metastasis of cemain types of cancer,'''"
whereas the functional significance of TSLCI in neuroblastoma
remains elusive.

In the present study, we have further delineated the SRO of 11g
deletion in primary neuroblastoma by amay-CGH analysis and
finally identified TSLC/ gene within this region. In contrast to the
other cancers, hypermethylation of TSLC! promoter region was
undetectable in neuroblastoma. Intriguingly, the expression levels
of TSLCI gene were highly associated with clinical stage, Shima-
da's pathological classification, MYCN amplification status, TrkA
expression levels and DNA index in primary neuroblastoma,

Additi Supporting Infe miy be found in the online version
of this anticle.
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BAC, bacterial antificial chromosome; LOH, loss of heterozygosity; PARP,
Pl ADP-ihosc) polymerase; SRO, smallest region of overlap; STS,
sequence-tagged-site; TSA, trichostatin A; TSLCI, wmor suppressor in
lung cancer |,
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