siRNA (Dharmacon, Chicago, IL, USA) by using Lipofect
AMINE RNAIMAX transfection reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. Forty-eight hours
after transfection, total RNA was prepared and subjected to
RT-PCR.

Colony formation assay

H1299, SH-SY5Y, U20S and SAOS-2 cells were seeded at a
final density of 1 x 10° cells per six-well dish and allowed to
attach overnight. Cells were then co-transfected with the
indicated combinations of the expression plasmids. Total
amount of plasmid DNA per transfection was kept constant
(2 ng) with pcDNA3. Forty-eight hours after transfection, cells
were transferred to the fresh medium containing G418
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p63 is expressed as multiple variants including TA and AN forms. Since p63-deficient mice displayed pro-
found defects of stratified epithelia, p63 is an essential transcription factor required for epidermal mor-
phogenesis. However, precise molecular mechanisms behind contribution of p63 to normal skin
formation and healing skin wounds remained unclear., In this study, we demonstrated that ANp63/

Keywords: BMP-7 signaling pathway modulates wound healing process through the regulation of extracellular
BMP-7 matrix protein matrilin-2. Knocking down of ANp63 in human keratinocyte HaCaT cells led to a signifi-
;\S/:?Sﬁn_z cant reduction of matrilin-2. Intriguingly, BMP-7 which is one of ANp63-target gene products, induced
Keratinocyte matrilin-2 and attenuated inhibitory effect of siRNA against ANp63 on matrilin-2. Furthermore, a remark-
Migration able cell migration in response to wounding took place in ANp63- or matrilin-2-knocked down cells.

Wound healing Taken together, our present findings indicate that ANp63/BMP-7 signaling pathway modulates wound

healing process through the regulation of matrilin-2.

© 2008 Elsevier Inc. All rights reserved.

p63 is a p53 family member which encodes a nuclear transcrip-
tion factor with pro-apoptotic potential [1]. Like p53 and p73 [2,3],
p63 is expressed as multiple variants including TA (transactivat-
ing) and AN (non-transactivating) forms arising from alternative
splicing («, B, and y) and alternative promoter usage, respectively
[1]. ANp63 which lacks NH;-terminal transactivation domain
exhibits a dominant-negative activity against TAp63, TAp73, and
wild-type p53 [1}]. In contrast to p53, p63 and p73-are rarely
mutated in primary human tumors [4]. Initial genetic analysis
demonstrated that p63-deficient mice fail to generate spontaneous
tumors [5,6]. Intriguingly, mice lacking p63 die soon after birth due
to severe dehydration with significant defects in limb, craniofacial
and skin development, suggesting that p63 plays an important role
in the regulation of epidermal development and morphogenesis.

Recent genetic studies revealed that TA or AN isoform alone
does not complement epidermal defects in p63-deficient mice,
indicating that both isoforms are required for proper epidermal
development [7]. TAp63 is the earliest p63 isoform expressed dur-
ing epidermal development [8]. On the other hand, ANp63 is pre-
dominantly expressed in basal layer and reduced in suprabasal
keratinocytes [1,9]. Sommer et al. described that mice overexpress-
ing ANp63 display profound wound healing defects [10]. In con-

* 'Corresponding author. Address: Division of Biochemistry, Chiba Cancer Center
Research Institute, 666-2 Nitona, Chuoh-ku, Chiba 260-8717, Japan. Fax: +81 43 265
4459,

E-mail address: akiranak@chiba-cc.jp (A. Nakagawara),
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trast to the previous viewpoint, several lines of evidence indicate
that ANp63 transactivates certain subset of genes [11,12]. Consid-
ering that ANp63 possesses a transcriptional potential, it is of
interest to identify ANp63-target(s) implicated in the regulation
of wound healing process.

Matrilin-2 is composed of two von Willebrand factor A-like do-
mains, multiple epidermal growth factor-like modules as well as
COOH-terminal coiled-coil domain [13] and belonging to extracellu-
lar matrix matrilin superfamily including matrilin-1, -2, -3 and -4
[14]. Matrilin-1 and -3 are expressed largely in cartilage, whereas
matrilin-2 and -4 are detectable in-a wide variety of extracellular
matrixes [15]. Matrilin-2 is only deposited at lower part of basement
membrane or upper part of dermis next to basement membrane in
human skin [16]. Recently, it has been shown that matrilin-2 is in-
duced in response to muscle or liver injury [17,18].

In this study, we found that ANp63/BMP-7 signaling pathway is
implicated in the modulation of wound healing process through
transcriptional regulation of matrilin-2 in human keratinocyte
cells.

Materials and methods

Cell cuiture. HaCaT and SAOS-2 cells were grown in Dulbecco’s modified Eagle's
medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/
m! penicillin, and 100 pg/mi streptomycin, Cells were maintained at 37°C in a
water-saturated atmosphere of 95% air and 5% CO,.
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Expression plasmid for BMP-7 and matrilin-2 luciferase reporters. Human BMP-7
cDNA was amplified by PCR-based strategy. Sense and antisense primers used
are as follows: 5-CTGGATCCACCGCCATGCACGTGCGCTCACTG-3' (sense) and
5'-AAGCGGCCGCCTGTGGCAGCCACAGGCCCG-3' (antisense). BamHI and Notl sites
were shown in boldface type. PCR products were digested with BamHI and Notl
and inserted into identical sites of pcDNA3-FLAG (Invitrogen) to give BMP-7-FLAG.
The indicated luciferase reporters driven by matrilin-2 promoter were generated
using following primer sets: MATNZ2-promoter-1 (--289/+38), 5'-ATACGCGTA
AAGCTGCCTGTGTTCCG-3 (sense) and 5-ATCTCGAGTTGCTCCAAGTCCCATCC-3’
(antisense); MATNZ-promoter-2 (-289/+205), 5-ATACGCGTAAAGCTGCCTGTGT
TCCG-3' (sense) and 5'-ATCTCGAGCTGCAGCCGCCGGCGCCT-3 (antisense). Miul
and Xhol sites were shown in boldface type. PCR products were then inserted into
Mlul and Xhot sites of pGL3-basic plasmid (Promega) upstream of luciferase gene.
These constructs were verified by DNA sequencing (Applied Biosystems).

Transfection. Cells were transfected with the indicated expression plasmids
using LipofectAMINE 2000 transfection reagent (Invitrogen) following the manufac-
turer's recommendations.

Short interference RNA. siRNA targeting human ANp63 was designed (5'-
CAAUGCCCAGACUCAAUUU-3') and purchased from Sigma. siRNA against human
Smad4 (D-003902-05), human matrilin-2 (J-011329-09 and }-011329-11), lucifer-
ase (Luciferase GL2 Duplex) and control siRNA (siCONTROL) were purchased from
Dharmacon. HaCaT cells were transfected with 25 nM of the indicated siRNAs using
Lipofect AMINE RNAIMAX (Invitrogen).

Luciferase reporter assay. HaCaT cells were transfected with 10 ng of pRL-TK
Renilla luciferase ¢cDNA (Promega) and 100 ng of matrilin-2 luciferase reporter or
pGL3-basic plasmid and incubated with serum-free medium. Twenty-four hours
after incubation, cells were treated with or without 100 ng/ml of human BMP-7.
At the indicated time points after treatment, luciferase activities were determined
by Dual-Luciferase Assay System (Promega) according to the manufacturer's
recommendations.

Immunoblotting. Equal amounts of cell lysates were separated by 10% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto Immobilon-
P Transfer Membrane (Millipore). Membranes were incubated with monocional
anti-FLAG (M2, Sigma), monoclonal anti-Smad4 (B-8, Santa Cruz Biotechnology),
monoclonal anti-p63 (4A4, NeoMarkers) or with polyclonal anti-actin (2033, Sig-
ma) followed by incubation with HRP-conjugated goat anti-mouse or with anti-rab-
bit IgG (Santa Cruz Biotechnology). Bound antibodies were detected by ECL system
(Amersham Biosciences).

Reverse transcription PCR analysis. Total RNA was isolated from the indicated
cells using the ISOGEN reagent (Nippon gene) according to the manufacturer's
instructions and treated with RNase-free DNase 1. Five micrograms of total RNA
were used to synthesize first-strand ¢cDNA using random primers and SuperScript
H reverse transcriptase (Invitrogen). The list of primer sets used will be provided
upon request.

Indirect Immunofluorescence staining. HaCaT cells were fixed in ice-cold acetonef
methanol at room temperature for 1 min and then washed with ice-cold PBS. Cells
were incubated with 4% normal goat serum (NGS) in PBS for 1 h at room tempera-
ture and then probed with monoclonal anti-p63 antibody followed by subsequent
incubation with Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen). After
extensive washing with PBS, cell nuclei were stained with 4,6-diamidino-2-phenyl-
indole (DAPI).

In vitro wound healing. Subconfluent HaCaT cells were switched to serum-free
medium and incubated for 24 h. Monolayer cultures of HaCaT cells were scratched
by pipette tip and then incubated with 2% serum. Where indicated, HaCaT cells
were exposed to mitomycin C (10 pg/ml) for 2 h [19].

Cell migration assays. Boyden chamber. cell migration assay was performed
using transwell chambers with 8-pm pore size membranes (Becton-Dickinson).
HaCat' cells ‘'were transfected with the indicated siRNAs, Twenty-four hours
after ‘transfection, medium was changed to' fresh serum-free medium- and
subsequently incubated for 24 h. Cells. were- resuspended. in serum-free med-
jum and added to upper chamber. at. 1 x 10°celis/well and incubated for
24h at 37°C in a humidified atmosphere of 5% CO,. Cells were stained with
Calcein AM (BD Bioscieneces) for 20 min at room temperature followed by
fixation in 3.7% formaldehyde for 10 min at room temperature. The migrated
cells on-lower surface of membrane were examined under a fluorescence
microscopy.

Results
Expression of p63 at wound edge of human keratinocyte HaCaT cells

Since it has been unclear how p63 could regulate epidermal
homeostasis, we examined expression levels of p63 in response
to wounding. To this end, mechanical scratch was introduced on
surface of confluent HaCaT cells. Cells were then transferred into
fresh medium containing 2% FBS. At the indicated time periods
after addition of FBS, cells were stained with anti-p63 antibody.
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As shown in Fig. 1A, p63 was undetectable in wound border 2 h
after addition of FBS, whereas p63 levels returned to those in
non-wounded cells 24 h after wounding.

Transcriptional regulation of matrinin-2 by ANp63

As described previously {17}, matrilin-2 was transiently down-
regulated in early phase of muscle injury and then increased in its
late phase, Under our experimental conditions, p63 was undetect-
able in wound border in response to wounding. To address
whether ANp63 could regulate matrilin-2, HaCaT cells were trans-
fected with siRNA against luciferase (siluc) or with ANp63
(siANp63). At the indicated time points after transfection, total
RNA was subjected to RT-PCR. As shown in Fig. 1B, knockdown of
ANp63 resulted in a significant reduction of matrilin-2, suggesting
that matrilin-2 is one of direct or indirect downstream targets of
ANp63.

BMP-7 induces matrilin-2

During search of human matrilinin-2-promoter region, we found
seven putative Smad-binding sites [20] (Fig. 2A). Since BMP-7 is
one of direct targets of p53 family including ANp63 [21], we exam-
ined whether BMP-7 could regulate matrilin-2. Consistent with re-
cent observations [21], enforced expression of ANp63a resulted in
a remarkable up-regulation of BMP-7 but not of BMP-2 and BMP-4
(Fig. 2B). Similarly, knockdown of ANp63 reduced BMP-7 but not
BMP-2 and BMP-4 (Fig. 2C).

BMP-7 treatment induced matrilin-2 in a time-dependent man-
ner (Fig. 2D). BMP-7 had marginal effects on ANp63, whereas
p21™AF! was significantly up-regulated in response to BMP-7
[22,23]. Our present findings suggest that BMP-7 induces matri-
lin-2 through several Smad-binding sites.

BMP-7/Smad4 signaling pathway contributes to expression of
matrilin-2

To further confirm a possible involvement of BMP-7 signaling
pathway in the regulation of matrilin-2, knockdown of Smad4
was. performed. As shown in Fig. 2E, siRNA against Smad4 effi-
ciently reduced Smad4 in HaCaT cells. HaCaT cells were then trans-
fected with siLuc or with siSmad4 and treated with BMP-7 or left
untreated. Twenty-four hours after treatment, total RNA was ana-
lyzed for matrilin-2 and p21*¥**! by RT-PCR. As shown in Fig, 2F,
BMP-7-mediated. up-regulation of matrilin-2 and p21"#f" was
inhibited in Smad4-knockdown cells. As expected, knockdown of
ANp63 led to a reduction of matrilin-2 and BMP-7, whereas addi-
tion of BMP-7 partially attenuated inhibitory effects of siANp63
on matrilin-2 (Fig. 2G).

Regulation of matrilin-2-promoter activity through ANp63/BMP-7
pathway

To examine effect of ANp63 and BMP-7 on promoter activity of
matrilin-2, we generated luciferase reporters termed MATN2-pro-
moter-1.. (~289/+39)  and MATNZ-promoter-2 (-289/+205)
(Fig: 3A). Twenty-four hours after starvation, HaCaT cells were
transfected with MATN2-promoter-2 (—-289/+205) and pRL-TK.
Four hours after transfection, cells were treated with BMP-7 or left
untreated. Consistent with our present results, luciferase activity
driven by MATN2-promoter-2 (~289/+205) was significantly en-
hanced in response to BMP-7 as compared with those in untreated
cells (Fig. 3B). Knockdown of ANp63 led to a significant reduction
of luciferase activity driven by MATN2-promoter-2 (—289/+205)
(Fig. 3C). Luciferase activity driven by MATN2-promoter-1 (~29/
+39) was also decreased in ANp63-knocked down cells but to a
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DAPI

Fig. 1. Expression of p63 at wound edge and ANp63-dependent expression of matrilin-2. (A) Immunofluorescence staining. In vitro wound was introduced on surface of
confluent HaCaT cells and cells were incubated with 2% FBS for the indicated time periods. Cells were then immunostained with anti-p63 antibody (left panels). Cell nuclei
were stained with DAPI (middle panels). Merged images were shown in right panels. Negative control experiments were performed without primary antibody (bottom
panels). White dots indicate positions of wound edge. (B) Effects of knockdown of ANp63 on matrilin-2; HaCaT cells were transfected with the indicated siRNAs. At the
indicated time periods after transfection, total RNA was subjected to RT-PCR to examine expression levels of ANp63 and matrilin-2. GAPDH was used as an internal control.

lesser degree, which might be due to its lower numbers of Smad-
binding sites [22]. Furthermore, the decrease in the luciferase
activity driven by MATN2-promoter-2 (—289/+205) in ANp63-
knocking down cells was compensated by enforced expression of
BMP-7 (Fig. 3D).

Migration of matrilin-2-knocked down cells in response to wounding

We evaluated quality of siRNAs against matrilin-2 (#9 and #11)
by RT-PCR. As shown in Fig. 4A, both siRNAs efficiently knocked
down matrilin-2. To ask whether ANp63 and/or matrilin-2 could
be involved in the wound healing process, HaCaT cells were trans-
fected with the indicated siRNAs and maintained without FBS.
Twenty-four hours after starvation, wounds were made on surface
of cells and cells were incubated with 2% FBS for 96 h. As shown in
Fig. 4B, elimination of ANp63 promoted cell migration into- wound
as compared with control cells transfected with siLuc. Similarly,
knocking down of matrilin-2 resulted in a remarkable induction
of cell migration into wound (top panels of Fig. 4C). To rule out
the possibility that introduction of wound might induce cell prolif-
eration rather than cell migration, transfected HaCaT cells were

exposed to mitomycin C to suppress cell proliferation [21]. Two
hours after treatment with mitomycin C, mechanical scratch was
made and cells were incubated with 2% FBS. As shown in middle
and bottom panels of Fig. 4C, cell migration into wound was clearly
observed 72 hv after incubation with FBS, indicating that knock-
down of ANp63 or matrilin-2 promotes cell migration in response
to wounding.

To further confirm this issue, Boyden chamber assays were per-
formed. Under our experimental conditions, transfected cells were
allowed to migrate towards 2% FBS for 24 h. As seen in Fig. 4D, the
increased number of ANp63- or matrilin-2-knockdown cells was
detectable on lower side of membrane as compared with that of
control cells transfected with siluc,

Discussion
In this study, we found that matrilin-2 is one of downstream

mediators of ANp63 and its expression is mediated through
BMP-7/Smad signaling pathway. Consistent with recent observa-

~tions [21], ANp63 transactivates BMP-7. Addition of purified
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BMP-7 resulted in a significant induction of matrilin-2 in associa-
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Fig. 2. BMP-7 induces matrilin-2. (A) Smad-binding sites in human matrilin-2-promoter region. Smad-binding'sites are indicated by filled boxes. Numbers represent
nucleotide positions relative to transcriptional initiation site (+1). (B) Enforced expression of ANp63 induces BMP-7. SAOS-2 cells were transfected with the indicated
expression plasmids. Forty-eight hours after transfection, total RNA was subjected to RT-PCR to examine expression levels of TAp63«, ANp632x and BMPs. (C) Knockdown of
ANPp63 results in a reduction of BMP-7. HaCaT cells were transfected with siLuc or siANp63. Forty-eight hours after transfection, total RNA was subjected to RT-PCR. (D}
Induction of matrilin-2 in response to BMP-7. HaCaT cells were maintained without FBS for 24 h and then treated with human BMP-7 (100 ng/ml) or left untreated. At the
indicated time points after treatment, total RNA was processed for RT-PCR to analyze matrilin-2 expression. p21WAF! was used as a positive control. (E) Knockdown of Smad4.
HaCaT cells were transfected with siLuc or siSmad4. At the indicated time periods after transfection, cell lysates were analyzed by immunoblotting using anti-Smad4
antibody. Actin was used as a loading control. (F) Knockdown of Smad4 inhibits BMP-7-mediated induction of matrilin-2 and p21 WAF! HaCaT cells were transfected with siLuc
or siSmadd4. Four hours after transfection, cells were transferred into fresh medium lacking FBS and incubated for 24 h. Cells were then treated with or without 100 ng/ml of
BMP-7. Twenty-four hours after treatment, total RNA was subjected to RT-PCR. (G) BMP-7 attenuates inhibitory effect of siANp63 on matrilin-2. HaCaT cells transfected as in
(C). Twenty-four Hours after transfection, cells were exposed to BMP-7 (100 ng/ml). Twenty-four hours after treatment, matrilin-2, BMP-7, and ANp63 expressions were
examined by RT-PCR.

tion with phosphorylation of Smad1/5/8 (data not shown). Indeed,
there exist seven putative Smad-binding sites within human matri-
lin-2 promoter as well as exon 1 and knockdown of Smad4 inhib-
ited BMP-7-dependent transactivation of matrilin-2. In contrast to
the previous viewpoint, ANp63 has a transcriptional potential
[11,12]. Koster et al. demonstrated that ANp63 is recruited onto
p53/p63-responsive element [8]. Intriguingly, we found two puta-
tive p53/p63-responsive elements in 5'-upstream region of matri-

lin-2 gene (data not shown) and knockdown of ANp63 led to a
remarkable down-regulation of matrilin-2. Additionally, reduction
of matrilin-2-promoter activity caused by siANp63 was recovered
by BMP-7. Although it is unclear whether ANp63 could directly in-
duce matrilin-2, it is likely that ANp63 promotes matrilin-2 through
BMP-7/Smad signaling pathway.

Another finding. of our present study was that silencing of
ANp63 or matrilin-2 results in a significant promotion of cell
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were maintained without FBS for 24 h, were transfected with 10 ng of pRL-TK together with 100 ng of pGL3-basic plasmid or MATN2-promoter-2 (—289/+205). Four hours
after transfection, cells were treated with or without 100 ng/ml of BMP-7 and incubated for22 h. Cells were then lysed and both firefly and Renilla luciferase activities were
measured. Firefly luminescence signal was normalized based on Renilla luminescence signal: Results were obtained at least four-independent experiments and represent as
means £ SD p < 0.01. (C) Effect of knockdown ANp63 on matrilin-2 reporter activity: Forty-eight hours after transfection with the indicated siRNAs, cells were transfected with
10 ng of pRL-TK together with 100 ng of pGL3-basic plasmid, MATNZ-promoter-1 (~289/+39) or MATN2-promoter-2 (—289/+205) and luciferase activities were determined as
in (B). p<0.05; "p <0.0001. (D) BMP-7. attenuates inhibitory effect of siANp63 on miatrilin-2 reporter activity. HaCaT cells were transfected with control siRNA or with
siANp63. Forty hours after transfection, cells were transfected with MATN2-promoter-2 (~289/(+205) luciferase reporter and pRL-TK together with or without 100 ng of BMP-
7-FLAG expression plasmid. Luciferase activities were measured at 40 h post-transfection. ‘p<0.05; p<001.

migration into wound without cell proliferation. Our present
observations were consistent  with recent results showing that
lack of ANp63 expression correlates with the highest levels
of cell migration [24]. Additionally, transgenic mice over-
expressing ANp63 in skin exhibit massive wound healing de-
fects and decreased skin thickness [10]. ANp63 is transiently
repressed in response to wounding and then ANp63 is ex-
pressed at basal levels [25], suggesting that proper temporal
expression of ANp63 is required for normal wound healing
process.

As described [16], matrilin-2 is expressed in several human
tissues and associated with basement membrane of muscle and
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various epithelia: Additionally, matrilin-2 interacts with extra-
cellular matrix proteins such as collagens, proteoglycans and
laminins, indicating that matrilin-2 acts as an adaptor protein
in extracellular matrix and might play an important role in
matrix assembly. During wound healing process, cell migration
into wound takes places and then extracellular matrix is newly
generated. Prior to cell migration in response to wounding,
extracellular matrix around wound border should be degraded
to facilitate cell migration into wound. Thus, it is likely that
transient down-regulation of ANp63 and matrilin-2 in response
to wounding might be an early step for wound healing
process.
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Fig. 4. In vitro wound healing assay. (A) Knockdown of matrilin-2. HaCaT cells were transfected with the indicated matrilin-2 siRNAs (#9 and #11). At the indicated time
points after transfection, matritin-2 expression was examined by RT-PCR. (B,C) Scratch wound assay. Confluent HaCaT cells transfected with the indicated siRNAs were
incubated with FBS-free medium for 24 h. FBS-deprived cells were scratched and medium was changed into fresh medium containing 2% of FBS. Wound edges were
photographed 96 h after FBS addition. Dotted lines indicate positions of wound edge 0 h after FBS addition (B). HaCaT cells transfected with the indicated siRNAs were treated
with 10 pg/ml of mitomycin C for 2 h before FBS deprivation, After FBS deprivation, wounds were introduced and cells were cultured in fresh medium containing 2% FBS.
Wound edges were photographed 0 and 72 h after FBS addition. (D) Migration assay. HaCaT cells were transfected with the indicated siRNAs. Twenty-four hours after
transfection, medium was changed into fresh FBS-free medium: Twenty-four after incubation, 10° cells were seeded into Boyden chamber and incubated for 24 h. Cells
observed on lower side of membrane were stained with Calcein AM and migrating cells were detected by fluorescence microscopy. Total pore number in the same area was
photographed by bright-field microscopy (BF).
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UNC5H4 is a netrin-1 receptor UNC5H family member. In this study, we found that UNC5H4 is a direct
transcriptional target of p53. During adriamycin (ADR)-mediated apoptosis, UNC5H4 was significantly
induced in p53-proficient U20S cells but not in p53-deficient H1299 celis. Enforced expression of p53
induced UNC5H4. Consistent with these resuits, siRNA-mediated knockdown of p53 in U20S cells atten-
uated ADR-dependent induction of UNC5H4. Indeed, we found four putative p53-responsive elements

Kgyf“’u"dsf within intron 1 of UNC5H4 gene. Luciferase reporter assay and ChiP analysis demonstrated that, among
: gag‘;’f;" them, two tandem elements respond to exogenous p53 which is efficiently recruited onto them. Further-
D;P\J Ap damage more, enforced expression of UNC5H4 remarkably reduced number of drug-resistant colonies in p53-pro-

p53 ficient cells but not in p53-deficient cells, suggesting that UNC5H4-induced apoptosis is dependent on

Transcription P53 status. siRNA-mediated knockdown of UNC5H4 rendered U20S cells resistant to ADR. Collectively,

UNC5H4 our present results suggest that UNC5H4 amplifies p53-dependent apoptotic response.

© 2008 Elsevier Inc. All rights reserved.

Type 1 transmembrane receptors: such as DCC (deleted in colo-
rectal cancer) and UNC5H have been considered to belong to the
so-called dependence receptor family [1,2}. These receptors share
functional similarity to promote apoptosis without their respective
ligands including netrin family; but inhibit apoptosis when bound
to these ligands [3]. As described [1], DCC was one of caspase sub-
strates and served as a caspase amplifier under conditions in which
the ligand is unavailable, Extensive studies suggested that DCC acts
as a tumor suppressor [4], however, DCC is rarely mutated in hu-
man cancers [5]. Mammalian. UNC5H family is composed of
UNC5H1-4 [6-8]. Among them, UNC5H4 has been recently found
in human genome database [9]. Thiebault et al. described that
expression levels of UNC5H1-3 are strongly down-regulated in
various primary tumors which is associated with loss of heterozy-
gosity (LOH) within UNC5H: loci- and “enforced expression of
UNC5H1, UNC5H2 or UNC5H3 inhibits malignant transformation,
which is related to their pro-apoptotic activity [10]. According to
their results, UNC5H-mediated apoptosis was dependent on their
cytoplasmic death domain and potent caspase inhibitor abrogated
their pro-apoptotic activity. Consistent with these observations,
UNC5H1-3 contained classic caspase cleavage site (DXXD) [11]
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and caspase-mediated cleavage of UNC5H was required for cell
death induction [2]. Although UNC5H family has pro-apoptotic
activity [12}, the precise molecular mechanisms behind UNCS5H-
mediated apoptosis remained unclear.

Of note, UNC5H2 is a direct transcriptional target of p53 and
UNC5H2-mediated - apoptosis is regulated in a p53-dependent
manner [13]. Based on their results, netrin-1 inhibited p53-depen-
dent apoptosis without - affecting expression levels of p53.
Alternatively, Llambi et al. found that UNC5H2 interacts with
death-associated protein kinase (DAP-kinase) and their interaction
enhances catalytic activity of DAP-kinase [14]. Intriguingly,
DAP-kinase required functional p53 for induction of apoptosis
[15]. In contrast to UNC5H1-3, little is known about functional
significance of UNC5H4. In the present study, we found that
UNC5H4 is a direct transcriptional target of p53 and UNC5H4-med-
iated apoptosis is dependent on p53 status.

Materials and methods

Cell lines and culture. Human osteosarcoma U20S and SAOS-2 cells were main-
tained in Dulbecco’s modified Eagle's medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Invitrogen), penicillin (50 U/ml) and
streptomycin (50 pg/ml), Human lung carcinoma H1299 cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated FBS and antibiotic
mixture, Cells were grown at 37 °C in a humidified atmosphere of 5% CO; in the
air. Where indicated, cells were exposed to adriamycin (ADR) at a final concentra-
tion of 1 uM.,
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Transfection. Cells were transfected with the indicated expression plasmids
using LipofectAMINE 2000 transfection reagent (Invitrogen) according to the man-
ufacturer’s instructions.

Cell survival assay. Cells were seeded at a density of 5 x 10® cells/96-well cell
culture plates and allowed to attach overnight. Cells were then treated with 1 uM
of ADR. At the indicated time points after ADR treatment, 10 ul of a modified 3-
(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide solution (Dojindo)
were added to the culture and reaction mixtures were incubated at 37 °C for 1 h.
The absorbance readings for each well were carried out at 570 nm using the micro-
plate reader (Model 450, Bio-Rad Laboratories).

RT-PCR. Total RNA was isolated from the indicated cells by using RNeasy Mini
Kit (Qiagen) according to the manufacturer’s recommendations and reverse tran-
scribed in the presence of random primers and SuperScript i reverse transcriptase
(Invitrogen)., The resultant first-strand cDNA was amplified by PCR to measure
expression levels of genes of interest. The oligonucleotide primers used in this study
were as follows: p53, 5-ATTTGATGCTGTCCCCGGACGATATTGAAC-3' (sense) and
5/-ACCCTTTTTGGACTTCAGGTGGCTGGAGTG-3' (antisense); p21"¥4F!| 5. ATGAAATT
CACCCCCTTTCC-3 (sense) and 5-CCCTAGGCTGTGCTCACTTC-3' (antisense); Bax,
5 TTTGCTICAGGGTTTCATCC-3'  (sense) and 5-CAGTTGAAGTTGCCGTCAGA-3
(antisense); UNC5H4, 5'-TCAACTGCAGATGCCATAGG-3 (sense) and 5'-GGTTTCAGG
GACACTGTGGT-3' (antisense); GAPDH, 5'-ACCTGACCTGCCGTCTAGAA-3' (sense)
and 5'-TCCACCACCCTGTTGCTGTA-3' (antisense). PCR products were separated by
1.5% agarose gel electrophoresis and visualized by ethidium bromide staining.

Immunoblotting. Cells were washed in ice-cold phosphate-buffered saline (PBS)
and lysed in SDS-sample buffer containing 10% glycerol, 5% B-mercaptoethanol,
2.3% SDS and 62.5 mM Tris-HCl (pH 6.8). The protein concentration of cell lysates
was determined by using Bio-Rad protein assay dye reagent {Bio-Rad Laborato-
ries) according to the manufacturer’s instructions. Bovine serum albumin (BSA)
was used as a standard. Equal amounts of cell lysates were separated by 10%
SDS-polyacrylamide gel electrophoresis, electro-transferred onto Immobilon-P
membrane filters (Millipore} and blocked with 0.3% non-fat milk in Tris-buffered
saline {TBS) containing 0.1% Tween 20 at 4 °C. The membranes were probed with
monoclonal anti-p53 (DO-1: Oncogene Research Products), polyclonal anti-phos-
pho-p53 at Ser-15 (Cell Signaling Technology), polyclonal anti-p21WAF! (H-164,
Santa Cruz Biotechnology), polycional anti-PARP (Cell Signaling Technology) or
with anti-actin {20-33: Sigma) antibody at room temperature for 1 h followed
by incubation with horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling Technology) at room temperature for 1 h. Immunoreactive bands were
visualized by using ECL system (Amersham Biosciences) according to the manu-
facturer’s instructions.

Establishment of p53-knocked down cell clones. U20S celis were transfected with
the empty plasmid (pSUPER, OligoEngine) or with the expression plasmid for siRNA
against p53 (pSUPER-p53). Forty-eight hours after transfection, cells were trans-
ferred into the fresh medium containing G418 (Sigma) at a final concentration of
500 pg/ml and incubated for two weeks. Then, G418-resistant clones were picked
up and cultured in the presence of G418. Expression levels of p53 in each cell clone
were analyzed by immuncblotting.

Construction of luciferase reporter plasmids. The indicated luciferase reporter con-
structs driven by putative p53-responsive elements of UNC5H4 gene were generated
by using the following primer sets: RE1, 5-GAGCTCATGTTGGCCAGGCTAGTC-3
(sense) and 5'-GTGCTCACAGGGCAATGACTCACCTC-3' (antisense); RE2, 5'-GGTACCT
CATCCTCTGAACGTTAAC-3' {sense) and 5-GGTACCTAAAGGGACTAGATCATG-3'
(antisense); RE3, 5'-GAGCTCTCAGATTGCATGTCTGTAC-3' (sense)and 5'-GAGCTCAGC
CTCACATAACACAGAGT-3 (antisense); RE4, 5'-GAGCTCTAGGGCAGTTAATCITGC-3'
(sense) and 5'-GAGCTCACCTATGAAATGGTGGAG-3' (antisense). The resultant PCR
products were gel-purified and inserted into appropriate restriction sites of pGL3-
promoter plasmid (Promega) to give p53-RE1, p53-RE2, p53-RE3 and p53-RE4. The
constructs were verified by DNA sequencing (Applied Biosystems).

Luciferase reporter assay. p53-deficient H1299 cells were seeded at a density of
5 x 10% cells}12-well cell culture plates and aliowed to attach overnight. Cells were
transiently co-transfected with 100 ng of pGL3-promoter plasmid (Promega), p53-
RET, p53-RE2, p53-RE3 or p53-RE4, 10 ng of Renilla luciferase reporter construct
(pRL-TK, Promega) and 25 ng of the expression plasmid for FLAG-p53. Total amount
of plasmid DNA per transfection was kept constant (510 ng) with pcDNA3. Forty-
eight hours after transfection, cells were lysed and their luciferase activities were
measured by using Dual-Luciferase Assay System (Promega) according to the man-
ufacturer's instructions, The firefly luminescence signal was normalized based on
the Renilla luminescence signal.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay was performed as de-
scribed [16]. In brief, H1299 cells were transfected with the empty plasmid or with
the expression plasmid for p53. Forty-eight hours after transfection, cells were
cross-linked with 1% formaldehyde in medium for 10 min at 37 °C. Cross-linked
chromatin was prepared from cells and sonicated to an average length of 200-
800 nucleotides, precleaned with salmon sperm DNA/protein A-agarose beads
and immunoprecipitated with normal mouse serum (NMS) or with monocional
anti-p53 antibody. The immunoprecipitates were eluted with 100 ul of elution buf-
fer (1% SDS and 1 mM NaHCOs). Formaldehyde-mediated cross-links were reversed
by heating at 65 °C for 4 h and the reaction mixtures were treated with proteinase K
at 45 °C for 1 h, Genomic DNA was purified using the QlAquick PCR purification kit
(Qiagen). Purified DNA was amplified by PCR using the following primer sets: RE1,

212

5'-GAGCTCATGTTGGCCAGGCTAGTC-3' (sense) and 5'-GTGCTCACAGGGCAATGACT
CACCTC-3' (antisense); RE2, 5-GGTACCTCATCCTCTGAACGTTAAC-3' (sense) and
5'-GGTACCTAAAGGGACTAGATCATG-3’ (antisense); RE3, 5'-TCAGATTGCATGTCTG
TAC-3' (sense) and 5'-AGCCTCACATAACACAGAGT-3’ (antisense).

Colony formation assay. U20S and H1299 cells were transfected with the
empty plasmid (pcDNA3) or with the expression plasmid encoding UNC5H4,
Forty-eight hours after transfection, cells were transferred into fresh medium
supplemented with G418 (400 ug/ml). After two weeks of selection, drug-resis-
tant colonies were stained with Giemsa's solution and number of drug-resistant
colonies was scored.

siRNA-mediated knockdown of UNC5H4. SAOS-2 cells were transfected with
10 aM of control siRNA or with siRNA against UNC5H4 (Dharmacon) by using Lipo-
fectAMINE RNAIMAX (Invitrogen) according to the manufacturer's recommenda-
tions. A list of siRNA sequences used will be provided upon request. Forty-eight
hours after transfection, total RNA was prepared and analyzed for expression levels
of UNC5H4 by RT-PCR.

Flow cytometry. Forty-eight hours after the treatment with ADR (1 pM), floating
and attached cells were collected, washed in ice-cold PBS and fixed in 70% ethanol
at 20 °C. The cells were washed in ice-cold PBS and resuspended in phosphate-cit-
rate buffer (4 mM citric acid and 2060 mM Na,HPO,) and kept at room temperature
for 15 min. Nuclear DNA was stained with propidium iodide (40 pg/ml) in the pres-
ence of RNase A (10 ug/ml) and the reaction mixture was incubated in the dark for
30 min. After the incubation with propidium iodide, DNA content of cells was
examined by FACScan flow cytometer (Beckton Dickinson) using CellQuest
software,
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Fig. 1. Transcriptional activation of UNC5H4 in p53-proficient cells but not in p53-
deficient cells exposed to DNA damage. (A) Cell survival assays. p53-deficient
H1299 cells and p53-proficient U20S cells were treated with 1 uM of ADR. At the
indicated time points, cell viability was examined by MTT assay. (B) RT-PCR. At the
indicated time points after ADR treatment {1 uM), total RNA was prepared from
H1299 (left panels) and U20S (right panels) cells and analyzed for expression levels
of UNC5H4, p53 and p21"*!, Amplification of GAPDH was used as an internal co-
atrol. (C) Immunoblotting, U208 cells were exposed to ADR (1 uM). At the indicated
time points, cell fysates were prepared and subjected to immunoblotting with the
indicated antibodies. Immunoblotting for actin is shown as a loading control.
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Results
DNA damage-induced up-regulation of UNC5H4

To examine expression patterns of UNC5H4 and p53-related
genes in response to DNA damage, p53-deficient lung carcinoma
H1299 and p53-proficient osteosarcoma U20S cells were exposed
to 1 uM of adriamycin (ADR). Both cells underwent apoptosis as
examined by MTT assay (Fig. 1A). Similar results were also ob-
tained by FACS analysis {(data not shown). During ADR-mediated
apoptosis, p21""*! which is one of p53-target genes [17] and
UNC5H4 were strongly induced in U20S cells (Fig. 2B). Similar re-
sults were also obtained in neuroblastoma SH-SY5Y cells bearing
wild-type p53 (data not shown). In contrast, UNC5H4 was unde-
tectable in H1299 cells exposed to ADR, however, ADR-mediated
up-regulation of p21¥*" was detectable, which might be due to
the induction of another p53 family member p73 (data not shown).
Immunoblot analysis revealed that ADR treatment results in a
remarkable accumulation of p53, phospho-p53 at Ser-15, cleaved
PARP and p21WAF! in U20S cells (Fig. 1C).

UNC5H4 is a transcriptional target of p53

These observations prompted us to examine whether UNC5H4
could be a transcriptional target of p53. To address this issue, H1299
cells were transfected with the expression plasmid encoding p53.
Time course experiments demonstrated that p53 induces expressions
of UNC5H4, p21"**" and Bax [18] in a time-dependent manner (Fig.
2A). Transfection with the empty plasmid alone had undetectable ef-
fect on UNC5H4 (data not shown). To further confirm this notion, we

< Bax

ADR(1puM) 0 24°0.24.0 24 (h)
« p53

< GAPDH

< p53

< p21waF
< Actin

Fig. 2. p53-mediated transcriptional activation of UNC5H4. {A) Time course exper-
iments. H1299 cells were transfected with the expression plasmid encoding p53. At
the indicated time points, total RNA was prepared and analyzed for expression
levels of p53, p21"W*F!, Bax and UNC5H4 by RT-PCR. (B) siRNA-mediated knockdown
of p53 attenuates ADR-dependent up-regulation of UNC5H4. U20S cells were tra-
nsfected with the empty plasmid or with the expression plasmid for siRNA against
p53. Forty-eight hours after transfection, cells were transferred into fresh medium
containing G418 (500 pg/mi) and maintained for two weeks, We then established
control (C-1) and knockdown transfectants (N-1 and N-2). These stable transfec-
tants were treated with 1 uM of ADR. Twenty-four hours after the exposure to ADR,
total RNA and cell lysates were prepared and subjected to RT-PCR (upper panels)

" and immunoblotting (lower panels), respectively.
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established two stable U20S transfectants in which p53 was knocked
down (N-1 and N-2) and one control transfectant (C-1). These trans-
fectants were then treated with ADR and analyzed for expression lev-
els of UNC5H4. As seen in Fig. 2B, p53 was successfully knocked down
and ADR-mediated induction of p53 and p21YA"! were undetectable
in N-1 and N-2 cell clones. ADR-mediated up-regulation of p53 and
p21WAF were observed in C-1 cell clone. ADR treatment significantly
induced expression of UNC5H4 in C-1 cell clone, whereas exposure to
ADR had undetectable effect on UNC5H4 in N-1 and N-2 cell clones,
suggesting that UNC5H4 is a transcriptional target of p53 and also in-
volved in DNA damage response.

p53 enhances the promoter activity of UNC5H4 gene

It has been shown that UNC5H2 composed of 17 exons is
mapped at chromosome 10 and two functional p53-binding se-
quences are detectable within intron 1 of UNC5H2 [13]. During
extensive search for putative p53-responsive element(s) within in-
tron 1 of UNC5H4 gene, we identified four candidate p53-respon-
sive elements (p53-RE1-4). To verify whether these elements
could respond to p53, each of these elements was subcloned up-
stream of pGL3-promoter plasmid and luciferase reporter assays

A

pGL3-RE4+p53
pGL3-RE3+p53
pGL3-RE2+p53
pGL3-RE1+p53
pGL3+p53

0 1 2 3 a

Fold of Activation

IP: Anti-p53 — e
1P: NMS < RE1
iP: Anti-p53 < RE2

IP: NMS < RE2

IP: Anti-p53 < RE3
{P: NMS < RE3
Input

Fig. 3. UNC5H4.is a direct target of p53: (A) Luciferase reporter assay. H1299 cells
were co-transfected with 100 ng of the indicated Juc¢iferase reporter plasmids, 10 ng
of Renilla luciferase reporter and 25 ng of expression plasmid for p53. Total amount
of plasmid DNA per each transfection ' was kept constant (510 ng) with pcDNA3, All
transfections were carried out in triplicate, Forty-eight hours after transfection,
cells were lysed and their luciferase activities were measured by Dual-Luciferase
Assay System, The firefly luciferase activity was normalized based on Renilla luci-
ferase activity, Graphs indicate the average of three independent experiments. (B)
ChIP assay. Cross-linked chromatin was prepared from H1299 cells transfected with
the empty plasmid or with the expression plasmid for p53, sonicated to an average
tength of 200-800 nucleotides and immunoprecipitated with normal mouse serum
(NMS) or with monoclonal anti-p53 antibody. Precipitated genomic DNA was am-
plified by PCR using the indicated primer sets (upper panels). Lower panel shows
the expression of exogenous p53 as examined by immunoblotting,
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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 andfor 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).

UNC5H4-mediated apoptosis is dependent on p53 status

We next examined whether UNC5H4 could induce apoptosis.
p53-proficient U20S and p53-deficient H1299 cells were transfec-
ted with the empty plasmid or with the expression plasmid for
UNC5H4. 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. 44, a significant decrease in number of drug-resis-
tant colonies was observed in U205 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.

A uU20s H1299

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 SAOS-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 SAOS-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,
U208 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 U20S 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 U20S 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. U20S and H1299 cells were transfected with the expression plasmid for UNC5H4,
Forty-eight hours after transfection, cells were exposed to 400 pg/m! of G418 for two weeks. Drug-resistant colonies were then stained with Giemsa's solution. (B) Proteolytic

cleavage of PARP. U20S cells were transfected with the empty plasmid or with UNC5H

4 expression plasmid. Forty-eight hours after transfection, cell lysates were prepared

and processed for immunoblotting with anti-PARP antibody. (C) siRNA-mediated knockdown of UNC5H4. SAOS-2 cells were transfected with indicated siRNAs, Forty-eight

hours after transfection, total RNA was prepared and subjected to RT-PCR. (D) siRNA-mediated knockdown of UNC5H4 renders U20S cells resistant to ADR. U20S 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 houts after ADR
treatment, cells were stained with propidium iodide (PI) 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 UNCSH including death domain plays an
important role in the induction of apoptosis. Tanikawa et 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 Plk1 (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
is inactivated by SV40 large T antigen, p73 was induced to accu-
mulate in association with a significant down-regulation of
Plk1. Consistent with these observations, Plk1 reduced the sta-
bility of the endogenous p73. Immunoprecipitation and in vitro
pulldown assay demonstrated that p73 binds to the kinase
domain of Plkl1 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 PIk1 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 pS3P! as well as the
proteolytic cleavage of poly(ADP-ribose) polymerase, Thus, our
present results suggest that Plk1-mediated dysfunction of p73 is
one of the novel molecular mechanisms to inhibit the p53-inde-
pendent apoptosis, and the inhibition of Plkl might provide an
attractive therapeutic strategy for cancer treatment.

p73 is one of newly identified p53 tumor suppressor gene
family members (p53, p73, and p63) that encodes a nuclear
transcription factor (1-3). Like the other p53 family members,
p73 encodes multiple isoforms, including TA (transactivating),
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with distinct 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 to 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.

2 The abbreviations used are: CDDP, cisplatin; DAPI, 4, 6-diamidino-2-phenyl-
indole; FACS, fluorescence-activated cell sorter; GAPDH, glyderaldehyde-
3-phosphate dehydrogenase; GST, glutathione S-transferase; {8, immuno-
blotting; 1P, immunoprecipitation; NMS, normal mouse serum; PARP,
poly(ADP-ribose) polymerase; PBS, phosphate-buffered saline; RT, reverse
transcription; siRNA, small interference RNA; GFP, green fluorescent
protein.
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Plk1 Inhibits the p73-dependent Apoptosis

Plk1 (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 PlkI 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 Plk1 has
an oncogenic potential. In support with this notion, knock-
down of the endogenous Plkl 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 mutated 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 Plk1 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 Plkl 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—Alfrican green monkey kidney
COS7, human osteosarcoma SAQOS-2, U20S, and human cer-
vical carcinoma Hel.a 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 balarice 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"; p2I1¥4, 5 ATGAAATTCA-
CCCCCTTTCC-3" and 5'-CCCTAGGCTGTGCTCACTTC-
37 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';
p534PL 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 KCl, 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 (PL2 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 IgG secondary antibody (Cell Signaling, Beverly, MA) for
1 h at room temperature. Immunoblots were visualized by ECL
detection reagents according to the manufacturer’s instruc-
tions (Amersham Biosciences).

Immunoprecipitation—HeLa cells were treated with CDDP
at a final concentration of 20 pum. 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-
p73« tusion proteins were expressed and puritied by glutathi-
one-Sepharose beads (Amersham Biosciences). FLAG-Plk1
was radiolabeled in vitro by using TNT QuickCoupled tran-
scription/translation system (Promega, Madison, WI) in the
presence of [**S}methionine and incubated with GST or GST-
p73a deletion mutants for 2h at4 °C. After the addition of 30 ul
of glutathione-Sepharose beads into the reaction mixture, incu-
bations were coritinued for 1 hat 4 °C. The beads were collected
by centrifugation and washed three times with binding buffer
containing 50 mMm Tris-HCL pH 7.5; 150 mum NaCl, 0.1% Non-
idet P-40, and 1 mm EDTA. The 3*S:labeled bound proteins
were eluted by 2X SDS sample bufter 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
fluorescein isothiocyanate-conjugated anti-rabbit IgG and rho-
damine-conjugated anti-mouse IgG (Invitrogen) for 1 h at
room temperature. Cell nuclei were stained with DAPL

Flow Cytometry—After 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 ug/ml)
in the presence of 50 ug/ml RNase A for 30 min at room tem-
perature. The DNA content indicated by propidium iodide
staining was analyzed by FACSCalibur. flow’ ¢ytometer (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%4¥?, 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 DAPIL 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 p73« 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 um 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-
deficient H1299 cells, A, siRNA-mediated knockdown of the endogenous
Pik1.H1299 cells were transfected with control siRNA or with Plk1 siRNA (Pik1
siRNA). Forty-eight hours after transfection, total RNA was prepared and sub-
jected to RT-PCR to examine the expression levels of PIk1, p73«, and p53%',
GAPDH was used as an internal control. B, immunoblotting analysis. H1299
cells were transfected as in A. Forty-eight hours after transfection, whole cell
lysates were prepared and processed for immunoblotting (/8) with the indi-
cated antibodies. For the detection of the endogenous p73a, whole cell
lysates were subjected to immunoprecipitation (iP) with anti-p73 antibody
followed by IB with anti-p73 antibody. Actin expression served as a control for
equal loading of proteins in each lane. ¢, FACS analysis. H1299 cells were
transfected as in A, Forty-eight hours after transfection, attached and floating
cells were harvested, stained with PJ, 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 Plki,
H1299 cells were transiently transfected with the chemically
synthesized siRNA targeting Plkl 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

siRNA-mediated Knockdown of Plk1 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, Plki was successtully
knocked down under our experimental conditions. The expres-
sion levels of p73a remained unchanged. Of note, the expres-
sion levels of pro-apoptotic p53**?, 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 Plki-knocked down
cells in association with a significant induction of pro-apoptotic
p73« (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
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FIGURE 2. Plk1 promotes proteolytic degradation of p73 in a protea-
some-independent manner. A, enforced expression of Plk1 reduces the
expression levels of p73. H1299 cells were co-transfected with the constant
amount of HA-p73a (0.5 g) expression plasmid togetherwith or without the
expression plasmid for FLAG-PKk1 (0.5 and 1.0 ug). Forty-eight hours after
transfection, total RNA and whole cell lysates were prepared and subjected to
RT-PCR (left panels) and [B with the indicated antibodies (right panels), respec-
tively. B, H1299 cells were transfected with the expression plasmid for HA-
p73a alone or with HA-p73« (0.5 ng) plus FLAG-Pik1 (0.5 pg) expression
plasmids. Forty-eight hours after transfection, cells were treated with DMSO
or with 20 um of MG-132 for 6 h. Whole celi lysates were then extracted and
subjected to 1B with the indicated antibodies. C, H1299 cells were transfected
with pcDNA3 or with FLAG-PIkT expression plasmid. Forty-eight hours after
transfection, whole cell lysates and total RNA were prepared and subjected to
1P with anti-p73 antibody followed by 1B with anti-p73 antibody (upper pan-
els) and RT-PCR (fower 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. S1). Thus, it is likely that siRNA-medi-
ated knockdown of the endogenous Plkl induces apoptosis
regardless of p53 status.

These findings showing that siRNA-mediated knockdown of
PIk1 leads to a significant induction of the endogenous p73a at
protein level prompted us to examine whether Plkl 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-p73a together with or without the increasing
amounts of FLAG-Plk1 expression plasmid. As shown in Fig.
24, left panel, PIk1 had undetectable effect on the expression
levels of p73a¢ mRNA. On the other hand, immunoblotting
analysis revealed that PIk1 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. 2B). Similar results were also obtained
in cells exposed to lactacystin (data not shown). In addition,
enforced expression of FLAG-PIk? significantly reduced the
amounts of the endogenous p73a at protein level but not at the
mRNA level (Fig. 2C).

As described previously (31), CDDP treatment led to a stabi-
lization of the endogenous p73a 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 p73a« in response to CDDP and
that Plk1 might promote proteolytic degradation of p73a in
a proteasome-independent manner. Furthermore, enforced
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FIGURE 3. Inverse relationship between the endogenous expression lev-
els of p73 and Plk1 in response to CDDP, A-C, COS7 cells were treated with
40 um of CDDP or left untreated. Forty-eight hours after the treatment, float-
ing and attached cells were collected, stained with P, and their cell cycle
distributions analyzed by flow cytometry (A). COS7 cells were treated with 40
M 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. S2).

DPIkI Inhibits p73-mediated Transcriptional Activation and
Pro-apoptotic Function—To address whether Plkl 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-
p73e, the luciferase reporter construct carrying p53/p73-
responsive p21%¥4*, BAX, or MDM2 promoter, and Renilla
luciferase ¢DNA' (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-PIk1 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
p21YAFL 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 Plk1 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-
p73c alone increased number of cells with apoptotic nuclei
(Fig. 5A). As expected, FLAG-PIk1 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. Plk1 represses the p73-mediated transcriptional activation, A-C, H1299 cells (5 X 10? celis) 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"A' (), BAX (B), 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-PIk1 expres-
sion 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, ceils were lysed, and their
luciferase activities were measured. Data were normalized and presented as mean values = S.D. of three
independent experiments. D, RT-PCR analysis. H1299 cells were co-transfected with the constant amount of
HA-p73a togetherwith or without the increasing amounts of FLAG-Plk1 expression plasmid. Forty-eight hours
after transfection, total RNA was prepared and analyzed for the expression levels of p2 1", BAX, and MDM2 by
RT-PCR. Ampilification 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 X 10% 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-p73 « (900 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 j1g) with pcDNA3. Forty-eight hours after transfection, cells were fixe, and
cell nuclei were stained with DAPI. 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-PIk1 expression plasmid (100 or
200 ng). Forty-eight hours after transfection, attached and floating cells were collected, stained with Pl, and
their cell cycle distributions analyzed by flow cytometry.

strated that the endogenous p73«a
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 p73«in 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. HeLa 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 Plk1.
Reciprocal experiments demon-
strated that p73 is' co-immunopre-
cipitated with the endogenous Plk1
(Fig. 6B, right panels). Similar
results were also obtained in the co-
immunoprecipitation experiments
using exogenous materials (supple-
mental Fig. $3). These observations
strongly suggest that Plk1 interacts
with p73a in cells.

To identify the essential region(s)
of p73a required for the interaction
with Plkl, we carried out in 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-PIk1 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-

R
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incubated with the radiolabeled FLAG-Plk1, 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-Plk1 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 p73a. To this end, we
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generated the indicated Plkl deletion mutants labeled with
[®5S]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-PIkl-
(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

A Pik1

DAPI

oh

CDOP (20 pM)

24h

FIGURE 6. Interaction between Plk1 and p73 in cells. A, nuclear co-localiza-
tion of Plk1 with p73 in response to CDDP. Hel a cells were treated with 20 um
CDDP (Jower panels) or left untreated {(upper panels}. Twenty-four hours after
the treatment cells were simuitaneously probed with polyclonal anti-p73
antibody and monocional anti-Plkt antibody for 1 h at room temperature.
After extensive washing in PBS, cells were incubated with rhodamine-conju-
gated anti-mouse 1gG (red) and fluorescein isothiocyanate-conjugated anti-
rabbit 19G (green). Cell nuclei were stained with DAPI (blue). Merged images
indicate the nuclear co-localization of Plk1 with p73« (yellow). B, immunopre-
cipitation, HeLa cells were exposed to 20 um CDDP. Twenty-four hours after
CDDP treatment, whole cell lysates were |P with NMS or with anti-p73 anti-
body followed by IB with anti-Plk1 antibody (left panel). Input lysates were
analyzed by [B with the indicated antibodies. Reciprocal experiments are
shown in the right panels,

A TA (] oD SAM

p73a{1-62)
PT3a{1-130)
P73a{1 14-328)
p73a(311-483)

p73{469-636)

amino acid residues 99 and 218, including a part of the kinase
domain of Plk1, is essential for the interaction with p73a.

Kinase Activity of Plk1 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
(PIk1(K82M)) (20) on p73«. For this purpose, we first examined
whether PIk1(K82M) could interact with p73« in cells. COS7
cells were co-transfected with the expression plasmids encod-
ing HA-p73a and FLAG-P1k1(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-
P1k1(K82M). Similarly, the anti-p73 immunoprecipitates con-
tained FLAG-P1k1(K82M) (Fig. 94, right panels). These results
suggest that the kinase-deficient mutant form of Plk1 retains an
ability to interact with p73 in cells.

To further examine the effect of the kinase activity of Plkl on
p73 function, 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 p21¥4*., BAX, or MDM2 pro-
moter, and Rewnilla luciferase cDNA along with or without the
increasing amounts of FLAG-P1k1(K82M). As shown in Fig. 9,
B-D, FLAG-PIk1(K82M) had negligible effect on the transcrip-
tional activity of HA-p73a. In contrast to wild-type Plki,
enforced expression of FLAG-PIk1(K82M) in H1299 cells had
marginal effect on the expression levels of the endogenous
p73a (supplemental Fig. $4). 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 Plk1 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,

B GST:p73a Cc
KD

and then substrate proteins, includ-

é; 'é” s f bﬁf 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

(® 5] RAGPIKT

FIGURE 7. NH-ter i smalld

in of p73 is required for the interaction with Plk1. A, domain structure

secondary antibody was mixed with
the reaction mixtures. As shown in
Fig. 108, yellow color was observed
in the reaction mixtures containing

of wild-type p73a and schematic representation of GST-tagged p73a deletion mutants, TA, transactivation
domain: DB, DNA-binding domain; OD, oligomerization domain; SAM, sterile a-motif domain, Numbers indicate
amino acid positions. B, GST and GST-p73a fusion proteins were purified by glutathione-Sepharose beads and
separated by 109 SDS-PAGE followed by Coomassie Brilliant Blue staining. C, in vitro pulidown assay. Equal
amount of radiolabeled FLAG-Plk1 was incubated with GST or with the indicated GST-p73a fusion proteins.
After incubation, GST or GST-p73« fusion proteins were recovered by glutathione-Sepharose beads, and
bound materials were resolved by 10% SDS-PAGE followed by autoradiography.
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protein X, GST-p73a-(1-62), and
GST-p73a-(1-130). Fig. 10C shows
the results of quantification of the
reactions, suggesting that Plkl
might phosphorylate Thr residue(s)
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FIGURE 8 Kinase d in of Plk1is tial for the interaction with p73. A, schematic drawing of wild-type

Pik1 and its deletion mutants. KD, kinase domain; PB, polo-box domain. B, Coomassie Brilliant Blue staining of
GST-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 (feft panel), After incubation, GST-p73a-(1-130) was
precipitated by glutathione-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-p73 o
and FLAG-PIk1(K82M). Forty-eight hours after transfection, whole cell lysates were prepared and subjected to
1P with NMS or with anti-FLAG antibody. The immunoprecipitates were analyzed by IB with anti-p73 (7st panel)
orwith anti-FLAG (2nd panel) antibody. Input lysates were processed for 1B with the indicated antibodies. Right
panels show the results of the reciprocal experiments. B-D, luciferase reporter assay. H1299 cells were tran-
siently co-transfected with the constant amount of HA-p73« expression plasmid (25 ng), 100 ng of luciferase
reporter construct carrying p53/p73-responsive element derived from p21%4*7 (8), Bax (Q), 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 transfection, cells were lysed and their luciferase
activities determined. Firefly fuminescence signal was normalized based on the Renilfla luminescence signal.
Results were shown as fold induction of the firefly luciferase activity compared with control cells 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/E)X(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 Plk1 within
the amino acid sequence of p73«a
(residues 1-130), we found out a
related motif °DSTYFD?) was in
the NH,-terminal portion of p73c.
To further confirm whether Thr-27
of p73a could be phosphorylated by
PIk1, we generated a mutant form of
GST-p73a-(1-130), termed T27A,
where Thr-27 was substituted to
Ala. Purified GST fusion proteins
(Fig. 114) 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-p73a-(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 Plkl-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 pS3 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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