netrin-1 dependence receptors. IMR32 cells were transfected
with either a dominant-negative mutant for DCC (DN-
DCC) or UNC5H (DN-UNC5H) proapoptotic activity.
These dominant-negative mutants of dependence receptors
actually encode the intracellular domain of these receptors
mutated in their caspase cleavage sites, and these mutants
have been shown both in vitro and in vivo to specifically
block the proapoptotic activity of their wild-type counter-
parts (3, 9, 33). Cell death was then analyzed after netrin-1
inhibition by siRNA. Although DN-DCC expression failed
to inhibit netrin-1 siRINA-induced IMR32 cell death, ex-
pression of DN-UNCS5H rendered IMR32 cells resistant to
netrin-1 siRNA (Fig. 5 A). To more formally exclude the
role in this death process of DCC or of altered forms of DCC
that are known to be expressed in IMR32 cells (Fig. S2 C)
(34), DCC was down-regulated by a siRNA approach and
cell death was induced via netrin-1 siRINA. As shown in Fig.
5 B, DCC siRNA had no effect on cell death per se and
failed to inhibit netrin-1 siRINA-induced caspase-3 activa-
tion, strengthening the perception that in these cells DCC is
not proapoptotic. Neogenin, a DCC homologue, has also
been proposed to act as a receptor for netrin-1 (35, 36) even
though this is still a matter of controversy (3, 37). We then
investigated whether neogenin, which is expressed in IMR 32
cells (Fig. S2 C). could be implicated in the IMR32 cell death
observed here, Neogenin was down-regulated by a siRNA

A 120

approach and, as shown in Fig. S3 A, this has no effect on
netrin-1 siRNA-mediated IMR32 cell death. Thus, the
netrin-1 aurocrine loop probably blocks UNC3H-induced
IMR32 cell death.

To more specifically address the identity of the UNC5H
receptors involved in this cell death induction, we down-
regulated the expression of each UNCS5H receptor individu-
ally (UNCS5H1, UNC5H2, UNC5H3, or UNC5H4) by a
siRINA approach (Fig. 5 C and Fig. S3 B) while inducing cell
death using neuin-1 siRNA (Fig. S3 C). None of the single
UNC35H siRNAs was sufficient to inhibit netrin-1 siRNA-
mediated IMR 32 cell apoptosis, suggesting some redundancy
in UNC5H-induced cell death (Fig. 5 D). However, when
combinations of siRINAs were used, we observed that com-
bined silencing of the four UNCSH receptors was sufficient
to fully inhibit the death triggered by netrin-1 autocrine loop
disruption (Fig. 5 D), whereas the same combination of siR-
NAs had no effect on CLB-Ge?2 cell survival (Fig. S3 D). The
respective importance of UNCSH receprors in netrin-1
stRINA-induced cell death was then assessed by the different
combination of two or three siRNAs; the combination of
UNC5H1, UNC5H3, and UNC5H4 siRINAs was the only
one to fully block cell death (Fig. 5 E). Thus, in agreement
with the level of UNC3H receptors expressed in IMR32
cells. it appears that disruption of the netrin-1 autocrine sur-
vival loop triggers UNCSH-induced cell death. Moreover,
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Figure 3. Down-regulation of netrin-1 autocrine loop by siRNA triggers NB tumor cell death. (A] Analysis of netrin-1 expression using Q-RT-PCR
in nontransfected (control) IMR32 cell fine or 24 h after transfection with scramble siBNA (siRNA scr.) or with netrin-1 siBNA (siRNA net). Data are means

of three independent experiments. Error bars indicate SEM.

*, P < 0.05 using a two-sided Mann-Whitney test compared with levels in control.

{B) Immunostaining on IMR32 cell line using netrin-1 antibody in the absence of transfection (control) or 24 h after transfection with scramble siRNA or
netrin-1 siRNA. Note that the general caspase inhibitor z-VAD-fmk was added to avoid cell death induced by netrin-1 siBNA. insets show control without
primary antibody. Bars, 50 um. {C and D} Cell death induction in IMR32 and CLB-Ge2 cell lines was quantified in nontransfected cells {control} or after
transfection with either scramble SiRNA or netrin-1 siRNA using trypan blue exclusion assay (C) or relative caspase-3 activity assay (D). Data are means of four
independent experiments, In C and D, error bars indicate SEM. *, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of controt.
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UNC5H1, UNC5H3, and UNC5H4 are the receptors in-
volved in this proapoptotic effect.

Furthermore, in IMR32 cells, the proapoptotic serine
threonine kinase DAP kinase (DAPK), which is shown to be
required for UNC5H-~induced cell death, exhibited 2 loss of
its inhibitory autophosphorylation (38) upon DCC-5Fbn
treatment (Fig. 5 F) or netrin-1 siRNA transfection (Fig. 5 G).
Accordingly, autophosphorylation was restored by a treat-
ment with excess netrin-1 or by a combination of UNC3H1,
UNC5H3, and UNC5H4 siRINAs. Moreover, the transfec-
tion of the antiapoptotic protein BCL-2 was sufficient to in-
hibit netrin-1 siRNA-induced cell death but did not inhibit
DAPK dephosphorylation, hence suggesting that DAPK acti-
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vation is not a result of cell death but is specifically engaged by
UNCS5H after netrin-1 inhibition (unpublished data).

Interference with netrin~1 inhibits NB progression

and dissemination

We next assessed whether in vivo modulation of netrin-1
could be used to limit/inhibit NB progression and dissemina-
tion. An clegant chicken model has been developed in which
graft of NB cells in the chorioallantoic membrane (CAM) of
10-d-old chick embrvos recapitulates both tumor growth at a
primary site, i.e., within the CAM, and tumor invasion and dis-
semination at a secondary site, metastasis to the lung (Fig. 6 A).
In a first approach, IMR32 or CLB-Ge2 cells were loaded in
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Figure 4. Disruption of netrin-1 autocrine loop by a decoy receptor fragment triggers NB tumor cell death. (A] Scheme representing netrin-1
and its receptors DCC and UNCSH and the fifth fibronectin type Il domain of DCC {DCC-5Fbn) used to induce cell death. The downstream effector DAPK
implicated in UNC5H-induced cell death is also represented. {B-D) Quantitative analysis of cell death in IMR32 and CLB-Ge2 cell lines treated with 1 g/
ml DCC-5Fbn, with or without addition of netrin-1 in excess {150 ng/mi) to reverse the effect of DCC-5Fbn. A negative control was also performed by
adding an unrelated IL3R peptide produced in the same condition as DCC-SFbn. Cell death was quantified by trypan blue exclusion assay (B} while apop-
tosis was monitored by measuring relative caspase-3 activity {C} or by TUNEL staining (D). Bars, 100 pm. In D, TUNEL staining was performed on three
independent experiments, (E} Effect of DCC-5Fbn on fresh {1yr+] stage 4 NB. Tumoral cells were directly resuspended from the surgical punction and were
plated for 24 h in presence of treatment. In B and C, data are means of six independent experiments. In £, data are means of two independent exgeri-
ments. Error bars indicate SEM. ™, P < 0.01 calculated using a two-sided Mann-Whitney test compared with level of control.
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Figure 5. NB tumor cell death occurs via UNC5H/DAPK proapoptotic signaling. (A} Quantification of cell death in IMR32 cells transfected with
either a domingnt-negative mutant for DCC proapoptotic activity (DN-DCC) or a dominant-negative mutant for UNC5H proapoptotic activity (DN-
UNCSH). Top: DN-DCC and DN-UNC5H proteins expression were analyzed by Western blot. Bottom: cell death was quantified by measuring relative cas-
pase-3 activity after scramble or netrin-1 siRNA transfection. SEM are indicated. Data are means of three independent experiments. *, P < 0.05 calculated
using a two-sided Mann-Whitney test compared with level of control. (B) Quantification of cell death in IMR32 cells transfected with either a scramble
siRNA or a netrin-1 siRNA together or not with a DCC siRNA. Top: DCC siRNA efficiency was verified by Western blotting on HEK293T cells transfected
with pCR-hDCC together with scramble or DCC siRNA. Bottom: celi death was quantified by measuring relative caspase-3 activity. Data are means of
three independent experiments. SEM are indicated. *, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of control. Simdar
results were obtained when neogenin or MYCN were down-regulated (Fig. S3 Al (C} Analysis of specificity and efficiency of each UNCSH siRNA by West-
ern blot in HEK293T cells transfected with UNCSH1, H2, H3, or Hd encoding vector together with each UNCSH siRNA. (D and E} Quantification of cell
death in IMR32 cells transfected with either a scramble SIRNA or a netrin-1 sIRNA together with various combinations of UNCSH siRNA, i.e, one UNC5H
(D} or two or four UNCSH (E}. Apoptosis was monitored by measuring relative caspase-3 activity. The use of combined UNC5H1, UNC5HZ, UNC5H3, and
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10-d-old CAM and embryos were treated on days 11 and 14
with PBS or DCC-5Fbn. 17-d-old chicks were then analyzed
for primary tumor growth and metastasis to the lung. As
shown in Fig. 6 (B and C), specifically in CAMs grafted with
IMR 32 but not with CLB-Ge?2 cells, DCC-5Fbn significantly
reduced primary tumor size. This size reduction was associ-
ated with increased tumor apoptosis, as shown by an increased
caspase-3 activity in the tumor lysate (Fig. 6 D). Morce impor-
tandy, DCC-5Fbn also reduced lung metastasis fonmation, as
shown in Fig. 6 E. Similar results were obtained when CAM-
grafted embryos were treated with netrin-1 siRNA (unpub-
lished data). To next assess whether DCC-5Fbn could also
induce the regression of metastatic lesions, IMR32 ¢ells were
CAM grafted and DCC-5Fbn (or PBS) treatment started after
metastasis to the lung is known to occur, i.e., treatments were
performed on days 14 and 135 because puhmonary metastases
are routinely detectable at day 13. As'shown in Fig, 6 F, pul-
monary metastases were markedly reduced, suggesting that
DCC-5Fbn not only inhibits tumor dissemination bue also
induces regression of metastatic lesions at the secondary site.
As a second in vivo approach, we. used the IGR-N-91
model derived from a BM metastasis of human MYCN-ampli-
fied stage 4 NB. When subcutaneously xenogratted into nude
mice, IGR-N-Y1 cells gave rise to different tumor cell lines de-
rived from the #ude mouse primary tumor xenograft (PTX) or
from disseminated metastatic foci into BM, blood, and myocar-
dium (Myoc) of the animal (39). It is of interest that although
the parental IGR-N-91 and the cell line derived from the PTX
show no or very low netrin-1 expression, the different cell lines
derived from secondary localizations showed a marked expres-
ston of netrin-1 both at the RINA level (Fig. 7 A) and at the
protein level (Fig. 7 B). When cell death was investigated in
these different cell ines upon treatment with DCC-5Fbn, a di-
rect correlation was observed between the level of netrin-1 and
cell susceptibility to DCC-5Fbn (Fig. 7 C). Specifically, al-
though PTX cells failed to undergo cell death upon DCC-
5Fbn treatment, this treatinent triggered netrin-1-high Myoc
cell death (Fig. 7 C). This observation supports the overall view
that gaining netrin-1 dependence receptor resistance; via an au-
rocrine netrin-1 expression in the case of the IGR-N=91 model,
likely promotes NB tumor cell survival outside of the primary
tumor site. To test whether this netrin-1 expression may then
be used as a target to inhibit metastasis in vivo, Myoc and PTX
cells were injected intravenously into nide mice and lung colo-
nization was quantitated after daily inwaperitoneal treaunent
with PBS or DCC-5Fbn. Although lung colonization was not
reduced upon DCC-5Fbn weatment in PTX-injected mice
(not depicted), a significant decrease in lung colonization was
detected in DCC-5Fbn—treated Myoc-injected mice (Fig. 7 D).
Thus, in both chick and mouse models, distuption of the ne-

trin-1 autocrine loop inhibited or completely prevented the
dissemination of netrin-1—expressing NB cells.

DISCUSSION

Together, the data obtained in the chick and mouse models
described in the previous sections, in NB cell lines, and in the
human pathology all support the view that a fraction of NB
shows an autocrine production of netrin-1. This elevated ne-
trin-1 level likely confers a selective advantage acquired by the
cancer cell to escape netrin-1 dependence receptor—induced
apoptosis and, consequently, to survive in settings of environ-
mental absence or limitation of netrin-1. It is therefore interest-
ing to note that not only N'B but also other neoplasms associated
with poor prognosis, for example. metastatic breast cancer and
pancreatic cancer, also express high levels of netrin-1 (33, 40),
suggesting that netrin-1 up-regulation may be a common fea-
ture for several aggressive cancers. From a mechanistic point of
view, in a large fraction of NB, this autocrine expression of ne-
trin-1 probably inhibits UNC5H-induced cell death. How-
ever, because DCC has been shown to display reduced
expression it NB and because this reduction has been associ-
ated with NB aggressiveness in human NB (29), it is temipting
to speculate that netrin-1 up-regulation can also, in some NB,
inhibit DCC-induced apoptosis. Interestingly, this netrin-1
up-regulation appears to block a death signal involving the ser-
ine threonine DAPK, whose activity is regulated via its auto-
phosphoryladon. Tt is therefore of interest to note that DAPK
was described to be a negative regulator of tumor progression
and, more specifically, of metastasis {41). Thus, it can be sug-
gested that a fraction of low netrin-1—expressing NB may have
selected a loss of function of DAPK for survival. This would be
compatible with the finding that metastasis in NB is associated
with a loss of caspase-8, a selective advantage which provides
survival to NB cells by inhibiting the proapoptotic signaling of
the dependence receptor integrin a331 (42).

[tis then interesting to wonder why such a large fraction of
aggressive NBs have selected a gain of newin-1 rather than a
loss of the netrin-1 dependence recepror death pathways. A
possible explanation is that netrin-1 expression not only con-
fersa gain in survival, but may also lead to enhancement of non-
apoptotic signaling mediated by netrin-1 receptors. Netrin-1
was indeed shown to bind a complex that includes soine inte-
grins (43). These integrins regulate cell migration and invasive-
ness and, thus, may play a role in cancer progression. Netrin-1
was also proposed to play a role in angiogenesis, although
whether netrin-1 is proangiogenic or antiangiogenic is contro-
versial (44-47) and this effect on angiogenesis may increase
NB metastases development. It is also of interest to note that
NB is a complex disease that originates from migrating neural
crest cells. Netrin-1 up-regulation may then be implicated in

UNC5H4 or UNCSH1, UNCSH3, and UNCSH4 siRNAs, leading to the absence of death induced by netrin-1 siRNA, are presented in gray. Data are means of
three independent experiments. Error bars indicate SEM. *, P < 0.05 calculated using a two-sided Mann-Whitney test compared with level of control.

{F and G) Immunodetection of phosphorylated DAPK (P-DAPK] in IMR32 cells either treated with DCC-5Fbn {F) or transfected with netrin-1 siRNA alone
or with UNC5H1, H3, and H4 siRNAs (G). In F and G, immunodetection was performed on three independent experimenis.
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the main function played by netrin-1 during nervous system
development that is neuronal navigation. Along this line, ne-
trin-1 and DCC have been shown to play an important role
during neural crest cell migration (48), and it is then tempting
to suggest that the gain in netrin-1 expression also promotes
NB cell migration.

As different types of stage 4 NBs are distinguished, not
only by the age of the children but also by the tissues in

which metastases are found, one may wonder about the
implication of netrin-1 produced in the normal tissues in
which the wmor cells spread. and this would be interesting
to explore. In particular, it would be interesting to evaluate
whether, according to the classical “seed and soil” theory
for metastasis (for review see reference 18), netrin-1 ex-
pression in specific tissues may favor metastasis develop-
ment more specifically in these tissues. It is also intriguing

DCC-5Fbn

A Neuroblastoma cells
innoculation (Day 10)

B

control

IMR32 §
Primary tumor
analysis (Day 17).

« Tumor size

« Caspase-3 activity

CLB-Ge2
Metastasis analysis (Day 17):

» Genomic DNA extraction

» PCR hALU, chGAPDH

C.. IMR32 cLBGe2 D
5 0 g ® g IMR32 ., E CLB-Ge2
(] n=10 ) E . £ -Ge!
5120 ‘ g1 £ 10000 n=11 £ 10000
100 100 < 2z =7 n=6
§ 8 > 8000 > 80| 7"
5 5 & £ 6000 £
E 60 E 60 3 8
2 £ @ 4000 | "312 ©
2 40 10 g 40 ﬁ $
£ 2 a £ 20 g 2000 a
a. a T
ol MR- " o S ol MR R
© &° @ &°
& ooob & 000,
IMR32 CLB-Ge2 IMR32
E 100 100 o= g 21 =12
n=
£ 2 80| =22 £ 280 < 18
52 | 52 5
2 80 L 60 212
g.s/.» .- g.g 2
58 40 n=18 %% 40 8 o8
@ . -
gé 20 23 20 § o4 12
4 3 o_
T o e o > &
& K & & K
€ & e & € &

Figure 6. Disruption of netrin-1 autocrine loop inhibits NB progression and dissemination in a chick model. (A} Schematic representation of
the experimental chick model. IMR32 or CLB-Ge2 cells were grafted in CAM at day 10 and DCC-5Fen or PBS was injected on days 11 and 14. Tumors and
jungs were harvested on day 17. (B-DJ Effect of DCC-5Fbn on primary tumor growth and apoptosis. (B} Representative images of IMR32 {top) or CLB-Ge2
{oottam) primary tumors formed on CAM treated either with DCC-SFon (right) or PBS (left). Bars, 2 mm, (C) Quantitative analysis showing the mean pri-
mary tumor size. (D) Caspase-3 activity was determined in the primary tumor lysates from DCC-6Fbn/PBS-treated IMR32 or CLB-Ge2-grafted embryos.
(E) Effect of DCC-5Fbn on lung metastasis. Percentage of embryos with lungs invaded by human IMR32 or CLB-Ge2 cells after two injections {days 11 and
14} of either DCC-SFbn or PBS was performed as described in the Materials and methods. (F) Effect of DCC-5Fbn on lung metastasis regression. Quantifi-
cation of lung metastasis in embryos CAM grafted with IMR32 cells and treated after metastasis formation {days 14 and 15} with DCC-5Fn or PBS, The
number of embryos studied in each condition is indicated above the graphs and results are from three independent experiments. In C-F, errors bars indi-
cate SEM. C-F: %, P < 0.05; **, P < 0.005 calculated using a two-sided Mann-Whitney test compared with level of control. E: ™, P < 0,005 calculated

using a Chi-squared test.
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to note that others have shown that in some particular cell
lines, netrin-1 is able to promote apoptosis rather than in-
hibit apoptosis (49), so that the view of netrin-1 up-regula-
tion being only a survival-selective advantage to block
apoptosis via dependence receptors is probably only part of
the overall regulatory mechanisms that links NB, netrin-1,
and its receptors.
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The observation that low levels of netrin-1 in NB corre-
late with good outcone is of clinical interest, in particular in
NB diagnosed in neonates and infants. Indeed, low netrin-1
expression predicts long-term survival in infants (100% in 48
stage and 90% in infants in general) in a type of pathology in
which therapeutic management is highly dependent on pre-
sentation and MNA (50, 31). This is particularly true with
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Figure 7. Disruption of netrin-1 autocrine loop inhibits NB dissemination in a mouse model. (A} Analysis of netrin-1 expression using Q-RT-PCR
in IGR-N-91 cell line and the IGR-N-91-derived celf lines PTX , BM, Blood, and Myoc. Note that althcugh PTX cells fail to express netrin-1, netrin-1 mRNA
is highly expressed in Myoc cells. (B) Immunostaining on IGR-N-81 cells and the different derived cell fines PTX, BM, Blood, or Myoc using netrin-1 anti-
body. Bar, 50 pm. (C) Cell death was quantified in IGR-N-31, PTX, BM, Blood, or Myoc cell lines weated or not with DCC-5Fbin, with or without addition of
netrin-1 in excess to reverse the effect of DCC-5Fbn. A negative control was also performed by adding an unrelated IL3R peptide produced in the same
condition as DCC-5Fbn. Data are means of three independent experiments. Errors bars indicate SEM. *, P < 0.05, calculated using a two-sided Mann-
Whitney test compared with level of control. {D) Quantification of lung colonization in PTX or Myoc cells in Ly injected mice treated with P8S or DCC-
SFon for 22 d. Quantification was performed as described in the Materials and methods. Large bars indicate the median values for both groups. P-value
was calculated using a two-sided Mann-Whitney test compared with level of control.
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stage 4S infants who receive no (or minimal) treatment based
on the lack of MINA, even though current statistics show that
tin 10 of these infanes will eventually dic of NB. In this pa-
per, we propose that determination of low netrin-1 level
confirms a good prognosis for these infants without therapy,
whereas the infants with high netrin-1 expression should be
considered for more intensive treatment. Regarding infants
or children with high netrin-1—expressing NB tumors, an al-
ternative or supplementary wargeted treatment based on dis-
ruption of the netrin-1 autocrine survival loop may improve
standard high-dose chemotherapy regimen efficiency. We
propose that a treatment based on inhibition of the interac-
tion between netrin-1 and its dependence receptors, or inhi-
bition of the ability of netrin-1 to mulimerize its receptors,
could potentially improve the survival of a large fraction of
the patients suffering from aggressive NB. Moreover, it is in-
teresting to note that no correlation between netrin-1 up-
regulation and molecular signature of apoptosis and invasion
was observed in NB tumors (Fig. St D}, strengthening the
case for netrin-1 as an original target for NB: Future preclini-
cal and clinical studies should assess whether such therapeutic
strategies,” which could ‘include small molecules (drugs);
monaoclonal antibodies, or the DCC=5Fbn recombinant pro-
téin presented in this paper, used alone or in combination
with standard chemotherapy, could be of therapeutic benefit
for infants and children with NB.

MATERIALS AND METHODS

Cell lines, transtection procedure, and reagents. Human NB cell lines
were obtained from the tumor banks at Centre Léon Bérard and at Institut
Gustave Roussy. More specifically, IMR32 and CLB-Ge2 cell lines were cul-
tured in RPMI 1640 GluraMAX medium (Invicrogen) containing 10% FBS,
IGR=N-91 cell line and its derivatives, as well as HEK293T cells, were cul-
tred in DME medivm (Invitrogen) containing 10% FBS. Cell lines were
wansfected using Lipofeceamine 2000 reagent (Invitrogen) for siRNA or Lipo-
fectamine Plus reagent (Invitragen) for plasmiids, Netrin-1 was obtained from
Axxora and was used at a concentration of 130 ng/ml in all in vitro assays.

Human NB tumor samples and biological annotations. According o
parental consent, surgical human NB tumor material was immediately fro-
zen. Material and annotations were obtained from the Biological Resources
Centers.of bath national referent Institutions for NB ereatment (Centre Léon
Bérard and at Institut Gustave Roussy). Protocols using human marerial
were approved by the local ethivs Comnmittees of Lyon University and Paris
XI University. MYCN genomic content wis assessed on histologically qual-
ified tumors as previously described (32). For immunohistochemistries, 5-
pn sections were prepared and trozen at —8§0°C.

Plasmid constructs, siRNA, and DCC-5Fbn production. The domi-
nant-negative mutant for UNC3H and DCC (pCR-UNCSH2-IC-D4I12N
and pCR-DCC-IC-D1290N, respectively) and the plasmids encading Neo-
genin (pCDNA3Z-Neogeniny and UNC3HI (pCDNAJI-UNCSHI-HA)
have been previously deseribed (1, 2, 5). The plasmids encoding UNC5H2
(PCHNAAT-UNC3B-HA), UNC5H3 (pCDNA3Z-UNCSC-HA), and
UNC3H 4 (pCAGI-hUSHA-His) were gifts from H. Arakawa (Nadonal Can-
cer Institwte. Tokyo, Japan), M. Tessier-Lavigne {Genentech, San Francisco,
CA), K.L. Guan (Univensity of Michigan, Ann Arbor, M1}, and N Yamamoto
{Onaka Univenity, Qsaka. fapan). Hunan netrin-1—encoding plasmid (peak8-
hNTNI1-His) was ohained from D.E. Bredesen (The Buck Instituee for Age
Research, Novato, CA). P974-DCC-3Fbn allowing bacterial expression of
the fifth fibronecdn type HI domain of DCC was obtained by inserting a Psti—
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BamH1 DNA fiagiment generated by PCR wsing pDCC-CMV-S as g tem-
plate. DCC-5Fbn producton was performied using a standard procedure. n
brief, BL21 cells were forced to express DCC-3Fbn in response to imidazole,
aud the BL21 lysate was subjected to athinity chromatography wsing FLAG-
Scpharase (Sigma-Aldrich). A pepride corresponding to che ectodomain of
IL3R was produced in the same conditions and used as a control. For cell cul-
ture use. netrin-1, DCC, and neogenin siRNAs (Santa Cruz Biotechnology,
Ine.) were designed as 4 pool of three trget-specific 20-23-ut siRNAs.
UNCSH1, UNC5H2, UNCHS3, and UNC5H4 siRNAs were designed by
Sigma-Aldrich. MYCN siRNA was designed by Thenno Fisher Scientific.

Cell death assays. 2 X 1 cells were grown in serum=poor medium and
were treated (or not) wich | pg/ml DCC-5Fbn or tanstected with siRINA
using Lipofectamine 2000, Cell death was analyzed using typan blue stain-
ing procedures as previously deseribed (1), The extent of cell death is pre-
sented as the percentage of wrypan bluc—positive cells in the diderent cell
populations. Apoptosis was monitored by measuring caspase-3 actvity as
described previously (1) wsing the Caspase 3/7CPPA2 Fluorimetric Assay kit
(Gentaur). For detection of DNA fragmentation, treated cells were cvto-
spun, and TUNEL was perfonned with 306 U/sul TUNEL eazyme and
6 pM biotinylated dUTP (Roche) as previously described (33).

Q-RT-PCR. To wsiy. netrin=1; DCC and " UNCSH  receptor expres-
sion in NB: samples, total RNA- wis extiacted front histologicully quali-
fied ‘cumor biopsics (>60%. immature: neuroblasts) wsing the NucleoSpin
RINAIL kit (Macherey-Nagel), ind 200 ng were revene manscribed using
tU Superseript [ reverse transcription (Invitrogen),” 1U RNase inhibitor
(Roche), and 230 ng of random hexamer (Roche). Total RNA was ex-
tracted from mouse and human cell lines using the NucleoSpin RNALH
kit and T pyg was reverse transcribed using the iScript ¢cDNA Synthesis kit
(Bio-Rad Laboratories). Real-time Q-RT-PCR was performed on a Light-
Cycler 2.0 apparatus (Roche) using the LightCyeler FastStart DNA Master
SYBER Green 1 kit (Roche). Reaction conditions for all optimal amplifi-
cations, as well as primer selection for murine and human netin-1, DCC,
and UNC5H -4, were determined as already deseribed. The ubiquitously
expressed human HPR'T genes showing the least variability in expression
in NB was used as an internal control (34). The sequences of the prim-
ery are the following: NTNI1, 3'-TGCAAGAAGGACTATGCCGTC-3
and 3'-GCTCGTGCCCTGCTTATACAC-3'; UNCSHI, 3'-CATCAC-
CAAGGACACAAGGTTTGC-Y and 3'-GGCTGGAAATTATCTTCT-
GCCGAA-Y; UNCIH2, 3'-GGGCTGGAGGATTACTGGTG-3" and
3 -TGCAGGAGAACCTCATGGTC-3  UNCAH3, A -GCAAATTGCT-
GGCTAAATATCAGGAA-Y and 5'-GCTCCACTGTGTTCAGGCTA-
AATCTT-¥; UNCSH4, '-GGTGAACCCAGCCTCCAGTCAG-3 and
F-CTTCCACTGACATCACTTCCTCCC-3" DCC, 3'-AGCCAAT-
GGGAAAATTACTGCTTAC-3 and A'-AGGTTGAGATCCATGATT-
TGATGAG-3'; and HPRT, 3'-TGACACTGGCAAAACAATGCA-3'
and 3’ -GGTCCTTTTCACCAGCAAGCT-3";

Genomic DNA quantification. Genomic DNA froim IMR32 and CLB-
Ge2 cells was extracted with the NucleoSpin Tissue kit (Macherey-Nagel).
30 ng of genomic DNA was used to perform quantitative PCR using prim-
ey specitic to NTNT and MYCN genomic sequences, Real-time guantita-
tve PCR was performied on o LightCycler 2.4 apparatus wsing the Light
Cycler FastStart DNA Master SYBER Green | kit NAGK (the N-acetyl-
glucosamine kinase gened, which is located on chromosome 2 similarly to
the MYCN gene bat separated trom the MYCN amplicon, was used as an
internal control gene to determine the gene dosage (3%). For cach pair of
primers, genomic DNA amplification was assessed by polymerase activadon
at 95°C for 10 min, followed by 35 cycles at 95°C for 10 5, 65°C for 30 s,
and 72°C for 10's. The sequences of the primens are the following: NTN.
F-CTGTCTCCCCCACTTGTTOT-3" and 3'-CCATGAACCCCAC-
TGACTCT-3"; MYCN, 3'-GTGCTCTCCAATTCTCGCCT-3 and
3'-GATGGCCTAGAGGAGGGCT-3; and NAGK, 3'-TGGGCAGA-
CACATCGTAGCA-Y and 3'-CACCTTCACTCCCACCTCAAC-Y,
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Immunohistochemistry and immunoblotting analysis. 10° cells were
cenurifiggated on coveslips with 4 cytospinner (Shandon Cytospin 3; Themio
Fisher Scientific). Tumor slides and cells were fixed in 4% paraformaldehyde.
The slides were then incubated at room temperature for 1 h with an antibody
recognizing the human neoin-1 {1:150; R&D Systems), UNCIH1T (1:100; Ab-
cam), UNCSH3 (L:100; R&D systen), or UNC5H4 (1:100; Santa Cruz Bio-
techuology, Inc). After rinsing in PBS, the slides were tncubated with an Alexa
488 donkey anti-rat antdbody (fuvitrogen), an Alexa 488 donkey anti—rabbic an-
dbody (Invirogen), a Cyv3 donkey anti-mouse antibody (ackson hnmuno-
Reesearch Laboracories), or an Alexa 488 donkey antd—goat antibody (Invitrogen),
respectively. For numor sides. netrin-1 and UNC5H4 signals were amplified us-
ing biotinyl-tyramide (TSA; Thermno Fisher Scientific) and Alexa 488-strepravi-
din (Invigrogen). Nuclei were visualized with Hoechst staining, Densitometric
value corresponding to netrin-1 signal was quantified with AxioVision Release
4.6 software, Immunoblots were performed as already deseribed using anti—
phospho-DAPK and ant-DAPK (Sigma-Aldrich) (38), and-DCC (1:500; Sanwa
Cruz Biotechnology, Inc), anti-ncogenin (1:300; Santa Cruz Bioteclinology,
nc.), ant-HA (1:7,500; Signua-Aldrich), ant-FIS (1:1.000; QIAGEN), anti~
MYCN (1:1000: BID), or anti-B-actin (1:1,000; Millipore) andbodics.

Netrin-1 ELISA assay. Derection of netrin-1 prowin in IMR32 and CLB-
Ge2 cell culture medium was performed using a modified ELISA assay. In brief,
96-well plates (Nunc-limmuno plate MaxiSorp; Thermo Fisher Scientific) were
coated with 200 ng/well of purified recombinant extracellular domain of DCC
(DCC-Ec-Fe). To minimize aspecitic binding, each well was incubated with
100 b of blocking soluton, contining 5% (wt/vol) BSA Sigma-Aldrich) in
0.05% PBS-Tween. 3 ml FBS fice cell culture medium was added sequentially
(300 - well) to coated 96-well plates and incubated for 1 h at 37°C. Atter three
washes with 0.5% BSA ‘PBS, 100 pl of rat ant—neuin-1 antibody (diluted 1:500
in blocking solution) was added to cach well and incubated for 30 min at 37°C.
After extensive washing, vach well was incubated with 100 pb HRP-conjugated
goat anti—rat antibody (1:1,000; Jackson hnmunoResearch Laboratories) for 30
min at 37°C. After removal of unbound antibody by three washes in 0.5% BSA/
PBS, the plates were incubated for 3 min at roon temperature with ECL West-
em Blotrng Substrace {(Thermo Fisher Sciendtfic). Luminescent signal was mea-
sured using a Luminoskan Ascent apparatus (Thermo Fisher Scienditic).

Reporter assay. 10° cells were plated in 1 2-well plates and transtected with
the firetly luciferase reporter under the control of the netrin-1 promoter
(pGL3-NetP-Luc) or the pGL3 empty vector. All transfections were done in
triplicate and the Dual-Luciferase Reporter Assay system (Promega) was per-
formed 48 b after transfection according to the manufacturer’s protocol, us-
ing the Luminoskan Ascent appavatus. As an internal control of transfection
efficiency, the renilla luciferase-encoding plasmid (pRL-CMV; Promega)
was cotranstected, and tor each sample firefly luciferase activity was normal-
ized to the renilla luciferase activity.

Chicken model for NB progression and dissemination. 1(7 NB celb
suspended in 40 b of complete medivm were seeded on 10-d-old chick CAM.
10 g DCC-3Fbn or the same PBS volume was injected in the tumor on days
11 and 14, For siRNA treatment, 4 pg of scramble or netrin-1 siRNA was
injected under the same conditions as for DCC-5Fhn. On day 17, tumons were
resected and the area was measured with AxioVision Release 4.6 sofhware (Carl
Zeiss, Inc.). To test the etfect of DCC-3Fbn on meestasis regression. 3 pg
DCC-5Fbn or PBS was injected on days 14 and 15 in 4 choroallantoic ves-
sel. o assess metastasis, lungs were harvested from the tumor-bearing cmbryos
and genomic DNA was extracted with @ NucleoSpin Tissue kit (Macherey-
Nagel). Metastasis was quantitied by PCR-based detection of the hunun Alu
sequence wsing the primers 5’ -ACGCCTGTAATCCCAGCACTT-3 (ense)
and 3-TCGCCCAGGCTGGAGTGCA-3' antsense) with chick GAPDH-
specific primers fense, 3'-GAGGAAAGGTCGCCTGGTGGATCG-Y; anti-
sense. 5'-GGTGAGGACAAGCAGTGAGGAACG-3") as controks. For both
couples of priviens, mctastasis was assessed by polymerase activation at 95°C for
2 min followed by 30 cycley at 93°C for 30 5. 63°C for 30 5, and 72°C for
30 s, Genomic DNA exuacted from lungs of healthy chick embryos was used to
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determine the threshold between NB cell-invaded and —noninvaded lungs. To
monitor apoptosis In primary wimors, prinary tumons and sumounding CAM
were resected and broken up in lysis buffer and caspase-3 acdvicy was measured
using the Caspase 3: CPP32 Fluorimetric Assay kit

NB metastasis in nude mice. 7-wk-old {20-22 ¢ body weighy) female athy-
mic nu/nu mice were obtained from Chardes River Laboratories. The mice
were housed in stevilized filter-topped cages and muaintained in a4 pathogen-tree
animal tacility. IGR-N-91—derived PTX and Myoc cell lines were implanted by
i.v. injection of TU° cells in 130 pl of PBS into a tail vein (day 0). 20 pg DCC-
5Fbn or PBS with equal volume was i.p. injected daily during 22 d. Lungs were
harvested on day 23. Lung genomic DNA was exeracted with the NucleoSpin
Tissue kit, and quantfication of humnan tamior cells in lungs was done by PCR-
based detection of the human Alu sequence using the primen 3°-CACCTGTA-
ATCCCAGCACTTT-3" (ense) and 3'-CCCAGGCTGCCAGTGCAGT-3'
{antisensc), wing 23 ng of genomic DNA as previowsly described (36), PCR was
perfonned under the following condidons: 95°C for 2 min, 3¢ cycles at 93°C
for 30 5, 653°C for 20 s, and 72°C for 20 s. Quantification of human DNA in
mice lungs was based on a standard curve wsing hunun genomic DNA isolated
from PTX and Myac celf lines,

Online supplemental material. Fig. S1 asociates newin-1 and DCC ex-
pression in NB tumaors with cheir apoptosis and invasion molecular signatures
obtained with microarrays. Fig. 52 presents newin-1 mRNA and protein ex~
pression in NB cell lines and shows CLB-VolMao netrin-1-high cell line sen-
sitivity to DCC-3Fbn decoy fragment. In Fig. S3, MYCN and neogenin
implication in netrin-1 iRNA-induced cell death is studied, and specificity
and efficiency of UNC5H siRNAs are presented ac the mRINA_ protein, and
cellular levels, Ouline supplemental material is available at htp://www jem
.org/egi/content/fulls jem. 20082299/DCH.
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PIk1 regulates liver tumor cell death by phosphorylation of TAp63
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We previously found that PIkl inhibited the p53/p73
activity through its direct phosphorylation. In this study,
we investigated the functional role of Plk1 in modulating
the p53 family member TAp63, resulting in the control of
apoptotic cell death in liver tumor cells. Immunoprecipita-
tion and in vitro pull-down assay showed that p63 binds to
the kinase domain of Plkl through its DNA-binding
region. in vitro kinase assay indicated that p63 is
phosphorylated by Plkl at Ser-52 of the transactivating
(TA) domain. Plkl decreased the protein stability of
TAp63 by its phosphorylation and suppressed TAp63-
induced cell death. Furthermore, Plkl knockdown in
p53-mutated liver tumor cells transactivated p53 family
downstream effectors, PUMA, p2Ic#1WAT! and ]14-3-3,
and induced apoptotic cell death. Double knockdown of
Plk1/p63 attenuated Plk1 knockdown-induced apoptotic
cell death and transactivation. Intriguingly, both Plk1 and
p63 are highly expressed in the side population (SP)
fraction of liver tumor cells compared to non-SP fraction
cells, suggesting the significance of Plk1/TAp63 in the
control of cell death in tumor-initiating SP fraction cells.
Thus, Plkl controls TAp63 by its phliosphorylation and
regulates apoptotic cell death in liver tumor cells. Plk1/
TAp63 may be a suitable candidate as a molecular target
of liver tumor treatments.

Oncogene (2009) 28, 3631-3641; doi:10.1038/0onc.2009.216;
published online 10 August 2009

Keywords: p63; phosphorylation; Plk1; apoptosis

Introduction

Polo-like kinase 1 (Plk1) is a key regulator of progression
through mitosis. Although Plk] seems to be dispensable
for entry into mitosis, its role in spindle formation and
exit from mitosis is crucial (Eckerdt and Strebhardt,
2006). Plkl is overexpressed in human tumors and has
prognostic potential in cancer (Strebhardt and Ullrich,
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2006). Previously, our laboratory reported that Plkl is
highly expressed in hepatoblastoma samples and patients
with a high expression of Plk1 showed significantly poorer
prognosis than those with a low expression (Yamada
et al., 2004), indicating Plk1’s involvement in carcinogen-
esis and its potential as a therapeutic target in liver cell
malignancy. In fact, depletion of Plk1 by small interfering
RNA (siRNA) treatment resulted in the arrest of cell-
cycle progression at the G2/M phase, such that prolifera-
tion was dramatically reduced and apoptosis increased in
multiple cancer cell lines (Strebhardt and Ullrich, 2006);
however, the downstream effectors and the molecular
mechanism of Plkl-depletion-induced apoptosis have not
been identified in detail. In the previous paper, we found
that Plkl inhibits the pro-apoptotic function of p53
through physical interaction (Ando et al., 2004) and that
Plkl has the ability to bind to and phosphorylate
transactivating (TA)p73 at Thr27, thereby inhibiting its
transcriptional as well as pro-apoptotic activity (Koida
et al., 2008), suggesting that p53 family molecules have a
significant function in Plkl-depletion-induced apoptosis
in cancer cells.

The p63 gene has strong homology to the tumor
suppressor p53 and the related gene, p73. p63 is actually
the oldest evolutionary conserved member of the p53
family phylogenetically (Blandino and Dobbelstein,
2004). It is a tumor suppressor gene and the most
frequent site of genetic alterations in human cancers
(Vousden and Lu, 2002). p53 protein is a transcription
factor that regulates the expression of a wide variety of
genes involved in cell-cycle arrest and apoptosis in
response to genotoxic or cellular stress (Levine, 1997;
Yang et al,, 1998). Post-translational modification of
p53 families is a key to their regulation. By contrast,
reports on p63 phosphorylation are limited and its
analysis remains to be confirmed (Westfall er al., 2005;
Suh et al., 2006, MacPartlin et al., 2008). In general,
many functional parallels are found among p53, TAp73
and TAp63. When ectopically overexpressed in cell
culture, TAp63 and TAp73 closely mimic the transcrip-
tional activity and the biological function of p53. In
reporter assays, p63/73-responsive promoters include
well-known p53 target genes involved in anti-prolifera-
tive and pro-apoptotic cellular stress responses such as
p2]€CritWAFL L 14.3.36. Bax, and so on (Candi et al., 2007).
Furthermore, both p63 and p73 isoforms contribute to
the regulation of cell survival and apoptosis in human
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tumors (Moll and Slade, 2004). Indeed, their ability to
regulate apoptosis is clearly a major mechanism by
which these genes contribute to human tumorigenesis
(Rocco et al., 2006). Initial studies in mice have shown
the pro-apoptotic activity of endogenous p63 and p73.
Germline deletion of p63 or p73 yielded mouse embryo
fibroblasts (MEFs) that were less sensitive to DNA-
damage-induced apoptosis than to wild-type cells when
transformed by adenoviral E1A protein (Flores et al,
2002). Although the above-mentioned lines of evidence
indicate that p63 has an important function in DNA
damage, controlling cell-cycle arrest and apoptosis, and
in human cancer, its precise role in tumorigenesis
remains to be elucidated. For example, unlike p53, p63
is rarely mutated in human cancers (Kato et al., 1999),
thus indicating it is not a canonical tumor suppressor.
Furthermore, a potential role for p63 in carcinogenesis
is supported by the finding of p63 genomic locus
amplification andfor overexpression in more than
80% of primary head and neck squamous cell carcino-
ma as well as in other squamous epithelial cell
malignancies (Massion ef al., 2003). On the other hand,
some tumor types have been reported to lose p63
expression, suggesting the acceleration of tumorigenesis
by p63 downregulation (Urist ef al., 2002; Koga et al.,
2003).

In liver cell malignancy, the precise role of p63 in
tumorigenesis and its clinical significance have not been
elucidated. Liver cancer ranks fifth in the world among
human cancers for incidence and third for mortality
(Parkin et al., 2001). Hepatocellular carcinoma (HCC),
the most common malignant tumor of the liver, has an
extremely unfavorable prognosis (over 95% mortality
after 5 years), because of, in particular, the resistance of
HCC cells to chemotherapy or radiotherapy (Bruix and
Llovet, 2002). A high incidence of pS53 mutation is
observed in developing countries (53%; Shen and Ong,
2004), although p53 missense mutations are observed in
~25% of HCC samples from industrialized countries,
where the tumor essentially develops from alcohol-
generated cirrhosis (Montesano et al., 1997). Previous
reports indicated that the expression of TAp63 and
deltaNp63 in HCC cell lines and the upregulation of
TAp63 in response to certain forms of DNA damage
accompanied with the increase in pS53 target gene
transcription (Petitjean er al., 2005) and treatment
of HCC with chemotherapeutic drugs resulted in a
dramatic increase in TAp63alpha levels (Gressner et al.,
2005).

In this study, we have found that Plkl directly binds
to TAp63aipha and phosphorylates TAp63 at the Ser-
52, resulting in inhibition of its transcriptional activities
caused by acceleration of protein degradation. To the
best of our knowledge, this is the first report to
determine the phosphorylated serine residue in the TA
domain of p63. Plkl-depletion-induced apoptosis and
activated p53 pathway downstream effectors are par-
tially cancelled by p63 depletion in HCC cells. Further-
more, our finding suggests the possibility that Plk1/p63
appears to be an important candidate for cancer stem-
cell-targeted therapy in liver cell malignancy.
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Results

Physical and functional interaction between Plkl and p63
First, we examined whether Plkl interacts with TAp63.
COS-7 cells were transiently transfected with the
expression plasmid for FLAG-tagged Plkl and/or
HA-tagged TAp63alpha. Whole-cell lysates prepared
from transfected ceils were immunoprecipitated with
a monoclonal anti-HA antibody, and the immuno-
precipitates were analysed by immunoblotting with
a monoclonal anti-FLAG antibody. As shown in
Figure la, FLAG-Plkl was co-immunoprecipitated
with HA-TAp63, and the analysis of the anti-FLAG
immunoprecipitates also showed that HA-TAp63 is
co-immunoprecipitated with FLAG-PlkI.

Furthermore, endogenous interaction between Plkl
and p63 was also detected using HaCaT cells
(Figure 1b). These results indicate that Plkl interacts
with p63 in mammalian cultured cells. As HaCaT cells
show a high expression level of deltaNp63, this
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Figure | Interaction between Plk! and p63 in cells. (a) Interaction
between exogenously expressed Plkl and TAp63. Whole-cell lysates
from COS-7 cells transfected with FLAG-Plk1 and/or HA-TAp63
expression plasmids were immunoprecipitated with monoclonal
anti-HA antibody (clone 3F10, Roche) and monoclonal anti-
FLAG antibody (clone M2, Sigma), and immunocblotted with
monoclonal anti-FLAG antibody and monoclonal anti-p63 anti-
body (clone 4a4) as indicated, to observe the interaction. Control
immunoprecipitation experiments and loading control B-actin
signals were also indicated. (b) Interaction between endogenous
Plk! and p63. A total of 500 ug of nuclear extract {rorn HaCaT cells
were immunoprecipitated with IgG, monoclonal anti-63 antibody
(clone 4A4) or monoclonal anti-Plk1 antibody and subjected to
SDS-PAGE (polyacrylamide gel eclectrophoresis) and protein
transfer. The transferred membranes were immunoblotted with
monoclonal anti-Plk1 antibody or monoclonal anti-p63 (clone 4a4)
antibody to observe the interaction. /gG, mouse IgG.



interaction was supposed to be between Plkl and
deltaNp63.

TAp63 binds to the kinase domain of Plkl through its
DNA-binding region

Next, to map the p63-interacting domain on Plkl, we
constructed FLAG-tagged Plkl deletion mutants, in-
cluding Plk1-(1-401), Plk1-(1-329) and Plk1-(1-98)
(Figure 2a). We then tested the interaction between
TApé63alpha and each of these Plkl deletion mutants.
COS-7 cells were transfected with the expression
plasmid encoding TAp63alpha and each Plkl deletion
mutant, and co-immunoprecipitation experiments were
carried out to determine the interaction.

We' found that Plkl-(1-401) and Plk!1-(1-329) re-
tained the ability to bind to TAp63alpha, whereas Plk1-
(1-98) did not (Figure 2b). These results indicate that
Plkl physically interacts with TAp63alpha through its
99-329 amino acid residues. To identify the essential
region of TAp63aipha required for the interaction with
Plkl, we carried out in vitro pull-down assays. The
indicated glutathione-S-transferase (GST)-TAp63alpha
deletion mutants (Figure 2c) were purified with glu-
tathione-sepharose beads. Each of these GST fusion
proteins was incubated with radiolabeled FLAG-Plkl,
which was generated by the in vitro transcription/
translation system in the presence of [**S]methionine.
As clearly shown in Figure 2d, radiolabeled FLAG-Plk1
was efficiently pulled down by GST-TAp63alpha-(282—
357), implying that the region between amino acid
residues 282 and 353 of TAp63alpha is important for the
interaction with Plkl. As this binding site is common
between TAp63 and deltaNp63, in Figure 1b, it is
believed that Plkl binds to TAp63 as well as to
deltaNpé63.

Plk1 directly phosphorylates Ser-32 of TAp63
Furthermore, to address whether Plk1 could phosphor-
ylate TAp63, we carried out an in vitro kinase reaction.
GST and GST-TAp63alpha fusion proteins were
incubated with the active form of Pikl in the presence
of [y**P]JATP. The reaction mixtures were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) and
subjected to autoradiography (Figure 3a). The results
suggested that Plkl phosphorylates the region between
amino acid residues 20 and 96 of TAp63.

As described earlier (Nakajima et al., 2003), a
sequence (D/E)X(S/T)PD/E) (where X is any amino
acid and @ a hydrophobic amino acid) was identified as
a consensus motif for Plkl-dependent phosphorylation.
According to the search for a putative phosphorylation
site targeted by Plkl within the amino acid sequence of
TAp63 (residues 20-96), we identified related motifs,
(39EPSEDG44 and S0EISMDCS5S), in the NH2-term-
inal portion of TAp63alpha (Figure 3b).

To further confirm whether Ser-41 or Ser-52 of
TAp63 could be phosphorylated by Plkl, we generated
a mutant form of GST-p63-(1-102), termed as ‘S41A’
and ‘S52A, where Ser-41 or Ser-52 was substituted to
Ala. Purified GST fusion proteins were subjected to
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the in vitro kinase reaction. As shown in Figure 3c,
GST-TAp63-(1-102) and S41A mutant were strongly
radiolabeled in the presence of Plkl, whereas
S52A mutant was not labeled, indicating that Ser-52
of TAp63 is at least one of the phosphorylation sites
targeted by Plkl, and is located in the transcriptional
domain of TAp63. In addition, it seemed to be
interesting that the molecular size of the mutant
p63(1-102)S52A was smaller than that of p63
(1-102)S41A and p63(1-102), suggesting the effect of
phosphorylation of S52 of TAp63 on the molecular
weight of the 1-102 peptide.

Pik1 represses TAp63-mediated transcriptional activation
To address the effect of Plkl on the transcriptional
activity of TAp63, we carried out luciferase reporter
assays. H1299 cells were co-transfected with a constant
amount of the expression plasmid for TAp63alpha, the
luciferase reporter construct carrying p53/p63-respon-
sive p2]PIWAFI  BAX or MDM?2 promoter and Renilla
luciferase cDNA (pRL-TK) together with or without
increasing amounts of FLAG-Plk1 expression plasmid.
Enforced expression of FLAG-Plkl significantly re-
duced luciferase activities driven by the indicated
promoters in a dose-dependent manner (Figure 4a).
These results suggest that Plkl has the ability to repress
the transcriptional activity of TAp63. Furthermore, to
examine whether the kinase activity of Plkl could be
necessary for the inhibition of TAp63 function, we
tested the possible effect of the kinase-deficient mutant
form of Plkl, PIkI(K82M) (Supplementary data) on
TAp63. For this purpose, we first examined whether
PIk1(K82M) could interact with TAp63 in cells. The
interaction between TAp63alpha and Plk1(K82M) was
confirmed bi-directionally (Figure 4b). These results
suggest that the kinase-deficient mutant form of
Plk1 retains the ability to interact with TAp63 in cells.
To further examine the effect of the kinase activity
of Plkl on TAp63 function, we carried out luciferase
reporter assays. HI1299 cells were co-transfected
with a constant amount of the expression plasmid for
TAp63alpha, a luciferase reporter construct bearing
pS53/p63-responsive p2l<riVAFI BAX or MDM?2 pro-
moter: and: Renilla luciferase cDNA together with or
without  increasing. amounts of FLAG-PlIk1(K82M).
As shown in Figure 4¢, FLAG-PlkI(K82M) had a
negligible * effect on: the transcriptional activity of
TAp63. Collectively, these results indicate that kinase
activity of Plkl is required for the inhibition of TAp63
function.

Pik1 reduces the protein stability of TAp63 by its

phosphorylation and suppresses TAp63-induced cell death
Next, we checked the effect of Pikl on TAp63-induced
cell death. H1299 cells were transfected with mock,
TAp63alpha, TAp63alpha/Plkl or TAp63alpha/KD
Plkl, and at 24h after transfection, the cells were
observed. TAp63alpha-transfected cells showed the
inhibition of cell growth and increase in shrunken
and floating cells compared with mock transfection;
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Figure 2 TAp63 binds to the kinase domain of Plk! through its DNA-binding region. (a) Schematic representation of Plk! deletion
mutants. XD, kinase domain; Polo, polo-box; numbers indicate amino acid position. (b) Interaction between Pik 1 deletion mutants and
TAp63. Whole-cell lysates from COS-7 cells transfected with the indicated expression plasmids were immunoprecipitated with
monoclonal anti-p63 antibody and immunoblotted with monoclonal anti-FLAG antibody to observe the interaction between Plkl
deletion mutants and TAp63. Immunoprecipitation with mouse IgG was used as a negative control. Equal amounts of protein derived
from cell lysates were immunoblotted with monoclonal anti-FLAG antibody. Control immunoprecipitation-immunoblotting
experiments of TAp63 were also indicated. (¢) Domain structure of wild-type TAp63alpha and a schematic representation of GST-
tagged TAp63alpha deletion mutants. T4, transactivation domain; DB, DNA-binding domain; OD, oligomerization domain; SAM,
sterilea-motif domain. Numbers indicate amino acid positions. (d) /n vitro pull-down assay. An equal amount of radiolabeled FLAG-
Plk! was incubated with GST or GST-TAp63alpha fusion proteins: After incubation, GST or GST-TAp63alpha fusion proteins
was recovered by glutathione-Sepharose beads, and bound materials were resolved by 10% SDS-PAGE (polyacrylamide gel
electrophoresis) followed by autoradiography.
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Figure 3 Plkl directly phosphorylates Ser-52 of TAp63.
(a) in vitro kinase assay. GST and GST-tagged TAp63alpha
deletion mutants were incubated with the active form of Plk1 in the
presence of {y-*PJATP. The reaction mixtures were separated by
SDS-PAGE (polyacrylamide gel electrophoresis) and subjected to
autoradiography. (b) A sequence (D/E)X(S/T)YPD/E) (where X is
any amino acid and @ is hydrophobic amino acid) was identified as
a consensus motif for Plkl-dependent phosphorylation. According
to the search for a putative phosphorylation site(s) targeted by Plk 1
within the amino acid sequence of TAp63 (residues 20-96), related
motifs, (39EPSEDG44 and 5S0EISMDCS55), were in the NH2-
terminal portion of TAp63alpha. (¢} in virro kinase assay. GST and
GST-TA63alpha-(1-102)S41 A, and GST-TA63alpha-(1--102)S52A
were incubated with the active form of Plkl in the presence of
[y-?PJATP. The reaction mixtures were separated by SDS-PAGE
and subjected to autoradiography.

however, these phenomena were attenuated by co-
transfection of Plkl, and KD Plk] failed to attenuate
it (Figure 5a). To study the molecular mechanism of the
effect of PlklI-induced phosphorylation on the function
of TAp63, we checked the protein stability of TApé63al-
pha in the presence of Plkl or KD PIkI(K82M). As
shown in Figures 5b and c, Plkl clearly decreased the
protein stability of TAp63alpha. On the other hand, KD
Plk1(K82M) did not modify the protein stability of
TAp63alpha. In addition, the Plkl-related degradation
of TAp63 was not attenuated by a proteasome inhibitor
MG132 (data not shown), consistent with the phenom-
enon in TAp73/Plkl experiments (Koida et al., 2008).
These results suggest that Plkl downregulates the
protein -stability of TAp63 by its phosphorylation
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through a proteasome-independent pathway and sup-
presses TAp63-induced cell death.

Expression of Plkl and p63 in liver tumor cells

Earlier our laboratory reported that Plkl is highly
expressed in hepatoblastoma samples and that patients
with a high expression of Pikl showed significantly
poorer prognosis than those with a low expression
(Yamada et al., 2004), indicating Plkl involvement in
carcinogenesis and its potential as a therapeutic target in
liver cell malignancy. As the above results indicate the
significance of Plk1/TAp63 in the regulation of cell
death of cancer cells, we studied the expression level of
Plkl and p63 in liver tumor cell lines (Figure 6a). We
used one hepatoblastoma cell line (Huh6) and five HCC
cell lines. From the results of reverse transcription (RT)-
PCR and western blotting, a considerable expression of
Plk1 was observed in liver tumor cell lines. Also, TAp63
was expressed in all liver tumor cell lines and the
deltaNp63 expression was observed in HLF and PLC/
PRF/5 cells.

Significance of TAp63 in Plkl knockdown-induced
apoptosis of liver tumor cells

Next, we carried out a knockdown experiment of Plkl
using siRNA in liver tumor cells (Huh6, HLE and HLF
cells). FACS analysis suggested that Plkl knockdown
induced an increase in the sub-G0/G! fraction not only
in p53 wild-type Huhé cells but also in p53 mutant-type
HLE cells (Figure 6b). As p53 is mutated in HLE cells,
this suggested the significance of TAp63 and/or p73 in
Pkl knockdown-induced apoptosis of liver tumor cells;
however, the sub-G0/G1 fraction did not increase in
HLF cells. In both HLE and HLF cells, p53 was
mutated, and TAp63 and p73 were considerably
expressed, although the expression of deltaNp63 was
detected only in HLF cells (Figure 6a and Supplemen-
tary data), suggesting the possible anti-apoptotic effect
of deitaNp63 in Plkl knockdown-induced apoptosis.
Next, we studied the influence of Plk! knockdown on
p53 family downstream effectors in liver tumor cells by
RT-PCR experiments (Figure 6c). Plkl knockdown
transactivated the p53 family downstream effectors
p2IePmAR - GADD45 and PUMA in Huh6 cells, and
p2Icwivart’ 14.3-36 and PUMA in HLE cells.

As a result of Plkl single knockdown, we found
significant TAp63 in Plk1 knockdowrn-induced apopto-
sis pathways. Next, we carried out double knockdown
experiments of Plk1/TAp63 using HLE cells. Plk| single
knockdown increased cell death, but this was suppressed
by double knockdown of Plki/TAp63 (Figure 6d).
Furthermore, we examined the influence of double
knockdown of Plk1/TAp63 on the expression of p53
family downstream effectors by RT-PCR (Figure 6e).
PUMA, 14-3-3¢ and p2]€rii%4rt expression levels were
increased by Plkl single knockdown, and double
knockdown of Plkl and TApé63 successfully abolished
the increase in p53 family downstream effectors by the
single knockdown.
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Figure 4 Plkl represses TAp63-mediated transcriptional activation. (a and ¢) H1299 cells (5 x 10* cells) were co-transfected
with a constant amount of TAp63alpha expression plasmid (25 ng), 100 ng of p53/p63-responsive luciferase reporter construct bearing
p2ICrivarl BAX or MDM2 promoler and 10ng of Renilla luciferase reporter plasmid (pRL-TK) in the presence or absence of
increasing amounts of FLAG-Plkl expression plasmid (a) or FLAG-Plk1(K82M) expression plasmid (¢) (50, 100 and 200 ng). To
standardize the amounts of plasmid DNA per transfection, pcDNA3 was added to yield 510 ng of plasmids. At 48 h after transfection,
cells were lysed, and their luciferase activities were measured. Data were normalized and presented as mean values £ s.d. of three
independent experiments. (b) Plk1(K82M) retains the ability to interact with TAp63 in cells. COS-7 cells were transiently transfected
with FLAG-KD Plk!l and/or HA-TAp63 expression plasmids, immunoprecipitated with monoclonal anti-HA antibody (clone 3F10,
Roche) and monoclonal anti-FLAG antibody (clone M2, Sigma), and immunoblotted with monoclonal anti-FLAG antibody and
monoclonal anti-p63 antibody (clone 4a4) as indicated, to observe the interaction.
Possible role of Plkl[p63 in cancer stem cell fraction of and almost equal to PLC/PRF/S cells (Figure 7b). An
liver tumor cells analysis of the p63 downstream molecules in the SP
Previous research showed that the involvement of Plk1 and non-SP fraction indicated that p63 activities were
is crucial for the metaphase—anaphase transition. Plkl repressed in the SP fraction except for the p21! activation
mRNA and protein levels are coordinately regulated  in PLC/PRF/S cells (Figure 7c), suggesting the possibi-
during cell-cycle progression and are highest in the  lity that p2l might be induced in a p53/TAp63-
mitotic phase (Winkles and Alberts, 2005; Eckerdt and  independent manner. These results suggest the consider-
Strebhardt, 2006). These observations suggested that  able role of Plk1/p63 in the development of cancer stem
Plk1 expression may be modest in the cancer stem cell  cell-targeted therapy for liver tumor cells.
fraction and that have a less significant role in cell death
as cancer stem cells are generally accumulated in the
Go/G!l phase (Zhou and Zhang, 2008). To examine  Discussion
expression levels of Plk1 and p63 in the cancer stem cell
fraction, we carried out real-time PCR using the side  Post-translational modification of p53 family members
population (SP) fraction and non-SP fraction of liver  is a key phenomenon in their regulation (Shieh et al.,
tumor cells. Surprisingly, the result suggested that both ~ 1997); however, the regulation of p63 through post-
Plk1/p63 are highly expressed in the SP fraction  translational modification has been studied only recently
compared with in the non-SP fraction (Figure 7a). (Huang et al., 2004; Ghioni et al., 2005). From these
Furthermore, the expression level of TAp63 was higher  studies, it has been suggested that p63 protein levels can
than that of deltaNp63 in the SP fraction of Huh7 cells,  change rapidly as a result of post-translational mod-
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Figure 5 Plkl downregulates the protein stability of TAp63 by
its phosphorylation and suppresses TAp63-induced cell death.
(a) H1299 cells were transfected with TAp63alpha alone or
together with Pkl or KD Plki. At 24-h post-transfection, the
cells were observed. (b) Decreased half-life of TAp63aipha in the
presence of Plkl. Hep3B cells were transfected with TAp63lpha
alonc or together with Plkl or KD Plk1. At 24-h post-transfection,
the cells were treated with cycloheximide (50 ug/ml) and harvested
at the indicated time points after the addition of cycloheximide.
Cell lysates were analysed by SDS-PAGE (polyacrylamide gel
clectrophoresis) and immunoblotting. (c) Densitometric analysis of
all TAp63alpha protein bands relative to tubulin was measured
using NIH ImageJ software and plotted on a graph. The value of
0-h signals was indicated as 100%.

ification. At present, limited studies of the phosphoryla-
tion status of p63 have been reported (Westfall ef al.,
2005; Suh et al., 2006). DNA damage induces both the
phosphorylation of p63 and its binding to p53 cognate
DNA sites, and these events are linked to cocyte death
(Suh er al., 2006). TAp63 is constitutively expressed in
female germ cells during meiotic arrest and is essential in
the process of DNA-damage-induced cocyte death not
involving pS53. Furthermore, the phosphorylation of
TAPp63y, but not deltaNp63y, by IxB kinase § (IKKp)
was reported, although the exact amino acid residue for
phosphorylation was not determined (MacPartlin et al.,
2008). The IKKp-related phosphorylation of TAp63y
was also induced by y-radiation. Upon  ultraviolet
radiation, deltaNp63o was phosphorylated at the ser-
66/68 (in TAp63a, Ser-160/162) residues and led to
ubiquitin-mediated degradation, suggesting that the
protein stability of deltaNp63 is controlled by phos-
phorylation of different amino acid residues compared
with that of TAp63 (Westfall e al., 2005).

In this study, we reported that Plk1 directly interacts
with p63 and the Ser-52 residue of TAp63 is phos-

53

Plk1 controls cancer cell death through TAp63
S Komatsu et al

phorylated by Pikl (Figure 3). This Plkl-induced
TAp63 phosphorylation might not to be related to the
DNA-damage-induced phosphorylation of TAp63, as
Plkl was shown to be downregulated in response to
DNA damage (Smits ef al., 2000; van Vugt ef al., 2001);
however, the Ser-52 phosphorylation of TAp63 after
DNA damage should be examined for the following
reasons: (1) IKKB-induced phosphorylation of TAp63
was shown in the TA domain of TAp63y and
was related to TAp63y stabilization in response to y-
radiation (MacPartlin e al., 2008) and (2) radiation-
induced phosphorylation/activation of p63 in oocytes
occurs in TAp63 but not in deltaNp63 (Suh et al., 2006).
Interestingly, the previously reported p63 phosphoryla-
tion was related to protein stabilization, upregulation of
activity and:induction of apoptotic cell death (Westfall
et-al,.2005; Suh et al, 2006). This study, however,
clarified that phosphorylation by Plk1 results in protein
degradation and suppression of the transcriptional
activity of TAp63alpha (Figure 5b), consistent with
the inactivation of transcriptional activity in p53 (Ando
et al., 2004) and p73alpha (Koida er al., 2008). It can be
noted that, this Plkl-related TAp63 degradation was
affected by cell density of Hep3B cells (data not shown),
suggesting that further analysis of p63 phosphorylation
and its effect on degradation will be required in future.

The study of Ser-52 phosphorylation not only in
DNA damage response but also in oncogene-related
stimulation will contribute to understanding the exact
role of Plkl-related tumorigenesis in many malignan-
cies. Anti-phosphor-Ser-52 TAp63 antibody will be an
indispensable tool for those studies and phosphorylation
of Ser-52 among TAp63 isoforms, TAp63a/TAp63p/
TAp63y, should be addressed in various malignancies.
Another interesting finding in our study is that both
Plk1/p63 were highly expressed in the SP fraction of
liver tumor cells compared with the non-SP fraction,
although p63 downstream molecules were not induced
in SP fraction except for p21 (Figure 7), suggesting that
Plk1 has-an important function in preventing apoptotic
cell death in tumorigenesis through the inactivation of
p53 family members in tumor-initiating cells; therefore,
the functional interaction of this Plkl-p53 family
protein appears to be a candidate for tumor-initiating
cell-targeted therapy.

Despite strong and continuing emphasis on the
involvement of the p53 family in tumorigenesis because
of the tumor suppressive role of the founding member
pS3, it now seems evident that the remaining family
members, p63 and p73, are highly involved in regulating
the development of different tissues (Candi et al., 2007).
In particular, lines of evidence indicate that the main
role of p63 lies in the regulation of epithelial develop-
ment and, in particular,'in. the formation of the
epidermis (Mills et al., 1999; Yang er al., 1999); however,
the exact molecular regulation mechanism of TAp63/
deltaNp63 transcriptional activities related to develop-
ment and tumor suppression remains to be elucidated.
Recently, several target genes of TAp63 in epithelial
development have been identified, for example, IKKa/
GATA-3 (Candi et al., 2006), Jagged-1&-2 (Sasaki et al.,
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2002), Hes-1/Hey-1&-2 (Nguyen et al., 2006), Kl4 Furthermore, it was recently reported that Plk! homo-
(Xoster et al., 2004) and p21 (Westfall e al., 2003). zygous null mice were embryonic lethal and early
We also reported that TAp63-dependent induction of  Plkl—/— embryos failed to survive after the eight-cell
growth differentiation factor 15 (GDF15) has a critical ~ stage. Immunocytochemistry studies showed that Plkl
function in the regulation of keratinocyte differentiation  null embryos were arrested outside the mitotic phase (Lu
(Ichikawa et al., 2008). Investigation of the role of the  er al., 2008). These observations suggest that the Plkl/
Ser-52 phosphorylation of TAp63 in selective transacti-  p63 relationship may play an important role not only in
vation of these specific target genes will be an interesting  later epithelial tissue organization but also in early
research project to understand development regulation.  embryonic development.
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a ~ Huh? PLOPRF/5 Materials and methods
I
g : Cell culture
Q™ The African green monkey kidney cell line COS-7, human lung
carcinoma cell line H1299, human hepatoblastoma cell line
Huh6, HCC cell lines Huh7, Hep3B, HLE, HLF and PLC/
PRF/S, and keratinocyte-like HaCaT cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), 50 pg/ml of penicillin and streptomycin each (Invitro-
gen). These cells were incubated at 37°C in an atmosphere
containing 5% CO,.
RNA extraction and RT-PCR
é Total RNA extraction, cDNA synthesis and semi-quantitative
S RT-PCR were carried out as described earlier (Koida et al.,
g 2008). The specific primers were indicated as supplements
% (Supplementary data). The expression of GAPDH (glycer-
3 o aldehyde-3-phosphate dehydrogenase) was measured as an
5 5 . internal control.
<7 sp SP  nonSP nonSP sp SP  non-8P non-SP
TAp63 deltahip63 TApS3 deltlaNp63 TApS3 deltaNps3 TApS3 delaNps3
c SP analysis
Huh7 ~ PLC/PRF/S Side population analyses were conducted as described earlier
SP _non-SP._ SP_ non-SP (Chiba et al., 2006). We have studied the hepatocellular
Bax markers such as AFP (alpha-fetoprotein) or cytokeratinl9
(CK19) of SP and non-SP cells that are obtained by sorting,
‘ and a large number of cells positive for both markers were
PUMA observed in SP cells (Chiba et al., 2006).
p21 — Quantitative real-time RT-PCR of Plkl and TAp63
Polymerase chain reaction of TAp63 was carried out using
14-3-3¢ TagMan technology (Applied Biosystems, Foster City, CA,
USA). Gene expression assay primer and probe mixes were
GAPDH used for TAp63 and GAPDH (assay IDs: Hs00186613_ml
n and 4310884E, respectively), and reactions were carried out
. . : . . according to the manufacturer’s protocol. Polymerase chain
Flgyre 7 Possible role ofPIkI/p6?? in tumor-initiating cell ljractnon reaction of Plkl was carried out using SYBR Green
of liver tumor cells. (a) Using the side popula.tlon (SP) fraction and technology (Takara Bio, Otsu, Shiga, Japan). PCR was carried
non-SP fraction of liver tumor cells, expression levels of Plkl and . X .
p63 were examined by real-time PCR analysis. Data were normal- out using an ABI 'Prlsm' 7700 Sequence Detection System
ized and presented as the mean values £s.d. of three independent (Perkin-Elmer/Applied Biosystems, Carlsbad, CA, USA).
experiments. (b) TAp63 and deltaNp63 expression levels in the SP Primers were indicated in Supplementary data.
fraction of liver tumor cells. Expression levels of TAp63 and
deltaNp63 were examined by real-time PCR analysis. Data were . . X
normalized and presented as the mean £s.d. of three independent Protein extraction and western blot analysis
experiments. (¢) Semiquantitative reverse transcription (RT)-PCR Extraction of cellular proteins, protein concentration analysis,
analysis of the expression of Bax, Puma, 14-3-3¢ and p21 in SP and SDS-PAGE, protein transfer and western blot analysis were
non-SP cells. carried out as described in Supplementary data.
<
Figure 6 Plkl knockdown transactivates p53 family downstream effectors and induces apoptotic cell death. (a) Semiquantitative
reverse transcription (RT)-PCR and western blotting of Plkl and p53 family in hepatoblastoma and hepatocellular carcinoma cell
lines. (b) FACS analysis of liver tumor cells subjected to small interfering RNA (siRNA)-mediated knockdown of endogenous Plk1.
Cells were transfected with 10 nm of control siRNA or Plk! siRNA. At 48 h after transfection, both floating and attached cells were
collected by low-speed centrifugation. The cells were then stained with propidium iodide (50 pg/ml) in the presence of 50 ug/ml of
RNase A for 30min at room temperature. The DNA content indicated by propidium iodide staining was analysed using a
FACSCalibur flow cytometer. (¢} RT-PCR analysis of siRNA-mediated knockdown of endogenous Plk1 in liver tumor cells. Cells
were transfected with 10 nym of control siRNA or Plkl siRNA. At 48h after transfection, total RNA was prepared and analysed for
expression levels of p21<r!i"aFl GADD4S5, PUMA and 14-3-30. Amplification of GAPDH serves as an internal control. (d) FACS
analysis of siRINA-treated cells. HLE cells were transfected with TAp63 siRNA and/or Plkl siRNA. To standardize thc amounts of
siRNA per transfection, control siRNA was added to yield 15 nm of siRNA. At 48 h after transfection, both floating and attached cells
were collected by low-speed centrifugation. Cells were then stained with propidium iodide (50 ug/ml) in the presence of 50 pg/ml of
RNase A for 30min at room temperature. The DNA content indicated by propidium iodide staining was analysed using a
FACSCalibur flow cytometer. (¢) RT-PCR analysis of siRNA-treated cells. HLE cells were transfected with TAp63 siRNA andjor
Plk] siRNA. To standardize the amounts of siRNA per transfection, control siRNA was added to yield 15nM of siRNA. At 48 h after
transfection, total RNA was prepared and analysed for expression levels of p21</WAfI PUM 4 and 14-3-30. Amplification of GAPDH
serves as an internal control.
Oncogene

55




PIk1 controls cancer cell death through TAp63
S Komatsu et al

3640

Inmmunoprecipitation and western blot analysis

For the immunoprecipitation of Plk1 and p63, COS-7 cells were
transiently transfected with 2pug of the expression plasmids
for FLAG-Plk1 and or HA-TAp63alpha using Lipofectamine
2000 Transfection Reagent (Invitrogen). Protein extraction was
carried out as described earlier. The extracts were incubated with
the monoclonal anti-FLAG (clone M2, Sigma, St Louis, MO,
USA) or monoclonal anti-HA antibody (clone 3F10, Boehringer
Roche, Mannheim, Germany) at 4 °C for 8 h. Immunocomplexes
were precipitated with protein G-Sepharose beads at 4°C for
30 min, which were then pelleted by centrifugation at 15000 g for
5 min. The precipitates were washed with lysis buffer three times
at 4°C, resuspended in 30 pl of SDS sample buffer and treated
at 100°C for 5min. Proteins were then resolved by 8%
SDS-PAGE, and transferred onto Immobilon-P membranes
(Millipore, Bedford, MA, USA). The protein complex was
detected by western blot analysis using monoclonal anti-FLAG
or monoclonal anti-p63 antibodies.

GST pull-down assay

¢DNA fragments encoding the indicated deletion mutants of
TAp63alpha were generated by a PCR-based strategy, and
subcloned into GST fusion protein expression plasmid pGEX-
4T-1 (GE Healthcare, Piscataway, NJ, USA). GST and GST-
TAp63alpha fusion proteins were expressed and purified using
glutathione-Sepharose beads (Amersham Biosciences). FLAG-
Plkl was radiolabeled in vitro using the TNT Quick Coupled
transcription/translation system (Promega, Madison, WI, USA)
in the presence of [**Sjmethionine and incubated with GST or
GST-TAp63alpha deletion mutants at 4°C for 2h. After the
addition of 30ul glutathione-Sepharose beads to the reaction
mixture, incubation was continued at 4°C for 1 h. The beads
were collected by centrifugation and washed three times with
binding buffer containing 50 mMm Tris-HCl (pH 7.5), 150mm
NaCl, 0.1% Nonidet P-40 and 1 mm EDTA. The *S-labeled-
bound proteins were eluted using 2x SDS sample buffer
and separated by 10% SDS-PAGE. After electrophoresis,
the gel was dried and exposed to X-ray film with an intensifying
screen.

Flow cytometry

After transfection, both floating and attached cells were collected
by low-speed centrifugation and washed in phosphate-buffered
saline, The cells were then stained with propidium iodide (50 pg/
ml) in the presence of 50 pg/ml of RNase A for 30 min at room
temperature. The DNA content indicated by propidium iodide
staining was analysed using a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA).

Luciferase reporter assay
Luciferase reporter assay was carried out as described earlier
(Koida er al., 2008). Each experiment was carried out at least
three times in triplicate.
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In vitro kinase assay

To identify the possible Ser residue(s) of TApé63alpha that
could be phosphorylated by Plkl, we carried out in vitro kinase
assay according to the previous report (Koida et al., 2008). In
brief, GST-TAp63alpha-(1-102), GST-S41A and GST-S52A
were incubated with the active form of Plkl (cat no. CY-
E1163, CycLex, Nagano, Japan) in the presence of 10 uCi of
[y-*PJATP (~6000Ci/mmol, GE Healthcare) in 40ul of
kinase buffer (40mm HEPES (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid), 10 mm MgCl,, 1 mmMm dithiotreitol and
3ImMm MnCl,). Reactions were incubated at 30°C for 30min
and terminated by the addition of Laemmli SDS sample
dilution buffer. The reaction mixtures were separated by SDS—
PAGE and subjected to autoradiography.

RNA interference

To knockdown endogenous Plkl, TAp63 and p73, cells were
transiently transfected with the chemically synthesized siRNA
targeting Plkl, TAp63 and p73 or with the control siRNA
using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s recommendations. Total RNA and whole-cell
lysates were prepared 48h after transfection. The specific
sequences were as follows: Plkl, 5~AACCAGUGGUUCGA
GAGACAG-3; TAp63, 5-GAUGGUGCGACAAACAA
GA-3'; and p73, 5-CGGAUUCCAGCAUGGACGU-3.
Selected siRNA sequences were submitted to a BLAST search
against the human genome sequence to ensure specificity.
Silencer Negative Control #1 siRNA (Ambion, Austin, TX,
USA) was used as control siRNA.

Construction of the deletion mutants of Plkl]

For construction of the deletion mutants of Plk1, pcDNA3-
FLAG-PIk] was digested with: BamHI, BamHI/BstX1 and
BamHI/Ncol for the fragments encoding amino acid residues
1401, 1-329 and 1-98, respectively. These fragments were
purified from agarose gels, filled in the overhangs with Klenow
enzyme and then inserted in-framie into enzymatically modified
BamHl and Xhol sites of the pcDNA3-FLAG expression
plasmid to obtain pcDNA3-FLAG-Plki-(1-401), pcDNA3-
FLAG-PIk1-(1-329), and pcDNA3-FLAGPIkI-(1-98), re-
spectively. DNA sequencing confirmed the authenticity of
the expression plasmids before transfection.
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